Determining the role of murine hyaluronidase 2
in hyaluronan catabolism
By
Biswajit Chowdhury

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
in partial fulfilment of the requirements of the degree of

Doctor of Philosophy

Department of Biochemistry and Medical Genetics
Faculty of Health Sciences

University of Manitoba
Winnipeg

Copyright © 2015 by Biswajit Chowdhury

i

Abstract
Hyaluronidase 2 (HYAL2) is a GPI-linked protein that is proposed to initiate the degradation
of hyaluronan (HA), a major extracellular matrix component of many vertebrate tissues.
Hyal2 knockout (KO) mice displayed craniofacial abnormalities and severe preweaning
lethality. 54% of the surviving KOs developed a grossly dilated left or right atrium, requiring
euthanasia, by 3 months of age. We hypothesize that the absence of HYAL2 leads to the
accumulation of HA in organs/tissues where HA is normally abundant resulting in
developmental defects and organs dysfunction.
Molecular and histological analysis of HYAL2 KO hearts demonstrated extracellular
accumulation of high molecular mass (HMM) HA in the heart valves, myocardium, serum
and lungs which was associated with severe cardiopulmonary dysfunction. Further, structural
and functional analyses of Hyal2 KO mouse hearts using high-frequency ultrasound revealed
atrial dilation accompanied by diastolic dysfunction that was evident as early as 4 weeks of
age, and progressed with age. Further, 50% of HYAL2 KO mice exhibited a triatrial heart
(cor-triatriatum). Histological analyses revealed that the atrial dilation was the result of
excess tissue, and did not correlate with the presence of cor triatrium. Hyal2 KO mice were
found to have increased numbers of mesenchymal cells at early stages of development,
presumably due to the presence of excess HA, that lead to cardiac dysfunction. Further
examination of HYAL2 distribution in a broad range of mouse tissues, and accumulation of
HA in its absence demonstrated that HYAL2 is mainly localized to endothelial cells and
some specialized epithelial cells, and plays a major role in HMM-HA degradation. These
studies demonstrated that HYAL2 is important for HA degradation and organ development.
In the longer term, our findings will be valuable for understanding pathologies associated
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with the disruption of HA catabolism, and potentially in the identification of HYAL2deficient patients.
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Chapter 1: Introduction
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1.1

The extracellular matrix (ECM)
One of the most significant transitions in evolution is the formation of a multicellular

organism from a single-celled ancestor. The extracellular matrix (ECM) is central to
multicellularity as it connects cells, provides structural support, regulates physiological
functions, and is essential for proliferation and differentiation during development [1,2]. The
constituents of the ECM are synthesized by highly conserved pathways and secreted by
mesodermal cells including fibroblasts, chondroblasts, and osteoblasts [3]. The importance of
the ECM is demonstrated by the multiple pathologies that result from genetic abnormalities
of an ECM molecule.

1.1.1

ECM structure
In connective tissues, the ECM is composed of proteins and polysaccharides that

interact to form a dense meshwork between cells [4]. There are more than one hundred genes
that are involved in the synthesis of ECM components in the vertebrate genome [1]. Many
ECM components are ubiquitously present, while others exhibit tissue-specific expression.
Vertebrate connective tissues are highly varied. For example, the connective tissue is flexible
and tough in tendons and dermis, hard and dense in bone, soft and transparent in heart and
eye, and resilient and shock-absorbing in cartilage. The tensile strength of the connective
tissues depends on the amount and types of a fibrous protein called collagen, together with its
organization with other molecules such as elastin and polysaccharides [4].

In vertebrates, the most abundant fibrous proteins are collagen and elastin, which play
an important role in determining the mechanical properties of the tissue [2]. Collagens are
2

well characterised triple helical proteins that provide tensile strength, regulate cell migration
and adhesion, and participate directly in the development of many tissues, including tendon,
skin, heart valves, cartilage and blood vessels [5]. More than 40 collagen genes are
transcribed, and result in 28 different subtypes of collagen [6]. Abnormalities in these genes
are the cause of several human connective tissue disorders including Marfan syndrome,
osteogenesis imperfecta and Ehlers-Danlos syndrome [5].
Elastin is secreted as tropoelastin and is cross-linked by members of the lysyl oxidase family
of enzymes. It is a major component of some connective tissues including blood vessels,
heart valves and skin. In these tissues, elastin provides elasticity during repetitive stretching
and relaxation. It regulates the activity of transforming growth factor β (TGFβ) through
association with fibrillins [7]. Elastin also play a role in different cell signalling events. For
example, tropoelastin inhibits proliferation of arterial smooth muscle cells and act as a
chemotactic agent to induce organization of actin fibers [8]. Mutations in the elastin-encoding
gene cause supravalvular aortic stenosis in Williams syndrome, which is characterised by
narrowing of the aorta and pulmonary arteries [9]. The importance of elastin during
development has been characterized by elastin knockout (KO) mice. These mice die soon
after birth due to severe cardiovascular abnormalities including aortic stiffness and low
cardiac output [10].
The non-protein parts of the ECM are the long-chain polysaccharides known as
glycosaminoglycans (GAGs). These GAGs are typically covalently linked to ECM proteins
in the form of proteoglycans (PGs). In the ECM, polysaccharides provide a hydrated
environment where protein molecules are embedded. A more detailed discussion of PGs and
GAGs is provided in the subsequent sections.
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1.1.1.1

Glycosaminoglycans (GAGs)
GAGs are negatively-charged carbohydrate polymers that consist of repeating units of

an amino sugar (either N-acetylglucosamine [GlcNAc] or N-acetylgalactosamine [GalNAc])
and a uronic acid (glucouronic acid [GlcUA] or Iduronic acid [IdoA ]). These disaccharide
units are often modified by sulfation of the amino sugar at position 4 or 6 [11]. Hyaluronan
(HA) is the only non-sulfated GAG, whereas chondroitin, dermatan, keratan, and heparin are
all sulfated. With the exception of HA, the GAGs are linked to core proteins via a serine
residue [11]. The disaccharide composition, modification and origin of synthesis of all the
GAGs are described in Table 1.1.
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Table 1.1. Characteristic features of GAGs
GAG Type

HA

Disaccharide

Sulfation

Synthesis

Distribution in

composition

position [12]

location

tissues [11]

GlcUA &

None

Plasma

Ubiquitous

GlcNAc

membrane

Chondroitin

GlcUA &

IdoA-2S , 3S

Endoplasmic

Cartilage,

sulfate (CS)

GalNAc

GalNac 4S & 6S

reticulum and

tendon, ligament

Golgi

and aorta

Dermatan sulfate

IdoA or GlcUA & IdoA-2S , 3S

Endoplasmic

Skin, blood

(DS)

GalNAc

reticulum and

vessels and heart

Golgi

valves

GalNac 4S & 6S

Heparin and

IdoA or GlcUA & IdoA-2S

Endoplasmic

Basement

heparin sulfate

GlcNAc

GlcA-2S

reticulum and

membrane (BM),

GlcNAc-3S, 6S

Golgi

mast cells
Eye, cartilage

(HS)
Keratan sulfate

Gal &

GlcNac -6S

Endoplasmic

(KS)

GlcNAc

Gal-6S

reticulum and
Golgi
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Proteoglycans (PGs)

1.1.1.2.

Proteoglycans (PGs) are composed of core proteins that are covalently attached to
GAGs other than HA. Based on the GAGs that are attached, PGs are categorized into three
groups including CS/DS (aggrecan, versican, neurocan and brevican), HS (syndecans and
betaglycans), and KS (fibromodulin) proteoglycans. Most mammalian cells synthesize PGs
that are transported into either the ECM, plasma membrane, or stored as secretory granules.
In the ECM, PGs may be linked with a small number of GAG chains or carry more than 100
GAG chains. Plasma membrane PGs including CD44 (cluster of differentiation antigen 44)
and syndecan, possess either a transmembrane domain or a glycosylphosphatidylinositol
(GPI) anchor. Cell surface and ECM PGs bind with several growth factors. Serglycin is a
secretory PG, and it is synthesized by immune cells including mast cells, natural killer cells
and basophils [13]. The tissue distribution, major function and diseases associated with all
PGs are described in Table 1.2
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Table 1.2. Characteristic features of PGs

Proteoglycans

Tissue distribution

Major functions

Human disease
associated with
mutation in PGs

Versican
V0, V1, V2, V3

Blood vessels, brain

ECM assembly, cell

skin, cartilage

signalling events, collagen
fibrillogenesis

isoforms
Aggrecan

Neurocan & Brevican

NI (none identified)

Cartilage, brain, blood

Cartilage development,

Spondyloepiphyseal

vessels

growth and homeostasis

dysplasia [14]

Brain

Inhibition of neuronal

NI

attachment and neurite
outgrowth
Perlecan

BM, cartilage,

Signaling, pro-angiogenic,

Dyssegmental

connective tissue

collagen fibrillogenesis,

dysplasia, Silver

stromas

apoptosis; C-terminal

Handmacher type;

domain: Endorepellin,

Schwartz-Jampel

anti-angiogenic

syndrome [15]
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1.1.2

Role of ECM in tissues/organs
ECM molecules play important roles in regulating tissue integrity, branching

morphogenesis, cell signalling events and determining the identity of neighbouring cells [2].
Therefore, homeostasis of ECM components is necessary for the maintenance of normal
tissue integrity and cross-talk between cells of the stroma. Different tissue remodelling
enzymes including matrix metalloproteinases (MMPs), tissue inhibitor matrix
metalloproteinases (TIMPs), and hydrolases play important roles in the
degradation/activation of ECM molecules [16].
Although many roles for the ECM in organ morphogenesis and tissue homeostasis are
known to exist, their mechanisms of action are still unclear. Therefore, it is compelling to
define the role of the ECM components that contribute to the complex series of events
governing organ development. Errors in development leading to congenital birth defects in
humans are associated with defects in several ECM components. Determining the molecular
basis/causes of the diseases associated with ECM dysregulation in mouse models is an
important step in understanding the normal role of the ECM and potentially improving
disease outcome in the longer term.

1.2

Hyaluronan (HA)
In 1934 Karl Meyer and his colleague John Palmer isolated hyaluronic acid from the

vitreous body of bovine eyes. Initially, it was characterized as an unknown chemical
8

substance composed of sugar molecules and uronic acid and proposed its name ‘hyaluronic
acid’. The name hyaluronic acid was derived from the Greek word ‘hyalos’, which means
glass, and uronic acid. The term ‘hyaluronan’ was introduced by Endre Balazs, to represent
all forms of this molecule, both the free acid and salt conjugated forms [17]. Later on, HA
was also isolated from various other sources including skin, synovial fluid, rooster comb and
umbilical cord. Twenty years after the initial characterization, the same group identified the
chemical structure of HA as a negatively charged GAG composed of a repeating unit of DGlcUA and GlcNAc linked by β1-3 and β1-4 glycosidic bonds (Figure 1.1). The carboxyl
groups of HA attract water into the extracellular space whereas newly formed hydrogen
bonds along the polysaccharide creates hydrophobic patches that allow close association with
other HA molecules and cell surface receptors [18]. The number of disaccharide units in an
HA molecule can reach 10,000 or more with a molecular mass of several million Daltons
(Da). The average molecular mass of HA in synovial fluid is 7 x 106 Da and if it is linearized,
the length would be extended to approximately 15 µm [19]. At a physiological pH, HA
attracts solvent due to its anionic charge, and forms a continuous network.

9

Figure 1.1. Molecular structure of HA
It is composed of a repeating unit of D-GlcUA and D-GlcNAc with alternating β1-3 and β14 glycosidic bonds.

1.2.1

HA distribution and function
HA is ubiquitously present in all vertebrate ECM as well as in the capsule of gram

positive and gram negative bacteria such as Strepococci pyogenes, and Pasteurella multocida
respectively [20]. It is an abundant component of the ECM in many vertebrate tissues
including heart valves, umbilical cord, vitreous humour of the eye, palate, skin and synovial
fluid. The careful study of HA content in the rat provided an overview of HA distribution in
mammals [21]. Almost 50% of the HA in the body was present in the skin, 25% in the
skeleton and joints, and the remaining HA was equally distributed in the muscle and viscera
[21]. In humans, the highest HA concentrations are present in umbilical cord (4.1 mg/g),
synovial fluid (1.4 mg/g), skin (0.2 mg/g) and vitreous body (0.14 mg/g) [19]. The levels of
HA are also high in brain, lung, kidney and liver [19]. HA is primarily thought to be present
in the extracellular space and pericellular coat, although recent studies have also shown it to
be intracellular [22]. Within tissues, HA is connected via link proteins with PG-associated
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GAGs and plays important roles in cell motility, signal transduction, embryogenesis, and
regulation of many disease pathologies [23]. The role of HA in organ development and tissue
homeostasis will be discussed in a subsequent section.

1.2.2

Link protein or hyaladherins
In the ECM, the interaction between HA and HA binding protein (HABP) are

mediated by a common protein domain known as a link module. The molecular structure of
the link module is comprised of two alpha helices and two beta helices, as well as positively
charged amino acids (aa) that bind HA [24]. The presence of the link module has been found
in the core protein of several PGs, including aggrecan, versican, neurocan and brevican. The
interaction of HA and PGs play important roles in the formation of the pericellular matrix and
provide structural integrity in the ECM.
The link module was also found to be present in the cell surface receptor for HA, and
other proteins including tumor necrosis factor stimulating gene-6 (TSG-6). The interaction
between HA and the cell surface receptor via link module initiated cell signaling events or the
local degradation of HA by endocytosis. However, no link module has been identified in
some molecules. In this case, a consensus sequence B(X7)B has been identified as a HA
binding motif, where B represents a basic lysine or arginine and X represents any aa [25].

1.2.3 HA synthesis
HA differs from other GAGs in that it is not synthesized in the endoplasmic
reticulum/Golgi. HA is synthesised at the plasma membrane and then exported into the ECM
(Figure 1.2). HA synthases are plasma membrane associated glycosyltransferases that
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polymerize nucleotide sugars, uridine diphosphate (UDP)-GlcUA and UDP-GlcNAc to
generate a long chain of HA [26]. HA chain elongation does not require an additional protein
backbone like other GAGs; the presence of nucleotide sugars alone can initiate a new chain.
In 1993, characterization of the Streptococcus hasA gene led to the identification of HAS
genes in other organisms including vertebrates. HASs are classified into two categories based
on their architecture, predicted topology, and whether the sugars were added to the reducing
or non-reducing terminus [26]. Class I HAS is an integral membrane proteins present in
vertebrates and some gram-positive bacteria. The HAS molecules contain one
glycosyltransferase (GT) module and can add newly synthesized sugar molecules either to
reducing or non-reducing ends. Type II HAS is present mainly in gram-negative bacteria such
as Pasteurella multocida; it has two GT modules and always adds sugar molecules at nonreducing ends. It is a peripheral membrane protein with no affinity for lipid bilayers and no
requirement of lipid for its activity [26].
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Figure 1.2. Interaction of HA with PGs.
In the ECM, newly synthesized HA from plasma membrane associated HAS enzymes is
directly secreted into the matrix. The molecular mass of newly synthesized HA by HAS3 is
lower than that of the other two enzymes. In the matrix, the core protein of PGs bind with HA
via the link module. The GAGs are covalently attached to the core protein.
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1.2.4

Mammalian HA synthase
There are three mammalian HA synthases, HAS1, HAS2, and HAS3, which are

evolutionarily conserved in mammals. These enzymes are encoded by genes on three
different chromosomes. The chromosomal distribution of the three HAS genes suggests that
they may have arisen in vertebrates from an ancestral HAS gene by duplication events.
Although they share more than 90% sequence similarity and catalyse the same reaction, they
differ in the chain length they synthesize, enzyme stability and specific enzyme activity [27].
Differential expression of HAS genes during development and in adult tissues indicates that
each gene has an important role [28].
1.2.4.1 HAS1
The human HAS1 gene is located on chromosome 19q13.3, whereas the mouse Has1
gene is on chromosome 17 [27]. Mouse Has1 has five exons and shares 95% aa identity with
human HAS1 [27]. The HAS1 protein is less stable than the other two human HASs and
generates high molecular mass HA (2 x 106 Da) [29]. In vitro studies have been shown that
HAS1 needs a higher concentration of UDP-GlcNAc for its activity than the other HAS
proteins [30]. Although HAS1 is highly expressed during early gastrulation in mouse [28],
Has1- deficient mice are viable and fertile [31]. A recent study of Has1 KO mice showed that
they had mild epileptic seizures [32].
1.2.4.2 HAS2
Human and mouse HAS2/Has2 genes are located on chromosome 8 and 15
respectively and synthesize HA chains similar in size to HAS1, 2 x 106 Da [27]. Human and
mouse HAS2 proteins share 98 % identity to each other [27]. HAS2 is more active and
widely expressed during embryonic development than is HAS1 [28]. HAS2 is known to be
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the major somatic HA synthase. The examination of a KO mouse for Has2 clearly
demonstrated that HA has a key role in heart development (21). These mice die during
embryogenesis because of extensive abnormalities of the developing cardiovascular system, a
defect that can be corrected by the addition of exogenous HA. Since the Has2 KO mice are
embryonic lethal, conditional KO studies were required to determine its role in the
development of other organs. Skeletal tissue-specific inactivation of Has2 in a mouse model
demonstrated that HA is also required for normal development and growth of the limb [33].
Brain-specific conditional Has2 KO mice revealed reduced HA in the cortex led to abnormal
brain development and an epileptic phenotype [32]. The conditional deletion of Has2 in other
tissues will be necessary to determine its full role in development.

1.2.4.3 HAS3
Human and mouse HAS3/Has3 genes are located on chromosomes 16 and 8
respectively. The mouse Has3 gene is comprised of 4 exons [27]. Unlike HAS1, HAS3 is the
most active enzyme and synthesizes comparatively low molecular mass HA (2 X105 Da).
During embryonic development, HAS3 expression was evident in ectodermal derived organs
such as the nervous system, tooth and epidermis [28]. Like Has1, Has3 KO mice are also
viable and fertile. Further, Has1 and Has3 double KO mice also did not demonstrate any
developmental abnormalities [34]. To determine the function of HAS3 in the development of
ectodermal derived organs, Has3 conditional KO mice were generated. The characterization
of Has3 KO mice demonstrated HAS3 plays a role in normal brain development and its
absence results in frequent epileptic seizures [32].
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1.3

HA turnover
HA has a high rate of constitutive turnover, with ~1/3 of the 15 g of HA estimated to

be present in a 70 kg person turned over daily. The half-life of HA is tissue dependent. For
example, the degradation rate of HA is 2-3 min in serum, 1-2 days in skin, and 2-3 weeks in
cartilage. Turnover of circulating HA in various animal models showed that after local
degradation, approximately 50-90% of processed HA enters the lymphatic system for further
removal, and the remaining HA is removed from the blood primarily by the liver and spleen
[35,36]. The molecular mass of HA is systematically reduced in each step of removal. HA
that enters the lymph nodes (LN) has an average mass lower than that in the local tissue (105
or 106 Da) and when it leaves through the efferent lymphatic vessels it has an average mass
of 104 Da. Unlike other GAGs, the amount of HA excreted in urine is minimal, only 330 µg
per day [37].

1.3.1

Hyaluronidases (HYALs)
Hyaluronidases (HYALs) are a group of enzymes responsible for the majority of HA

degradation that also have weak activity toward chondroitin and CS. In 1928, Duran-Reynals
identified HYALs from mammalian testes as a ‘spreading factor’ which can promote the
diffusion of injected substances [38]. Based on their enzymatic properties, Karl Meyer
categorised them into three groups; lyases, mammalian hydrolases and hydrolases found in
leeches and in certain crustaceans [39]. Bacterial hyaluronidases (EC 4.2.2.1 or EC 4.2.99.1)
are lyases that cleave the β-1-4 linkage between GlcNAc and GlcUA to produce unsaturated
disaccharides. Mammalian hyaluronidases are hyaluronate-4-glycanohydrolases (EC
3.2.1.35) which have been found in mammalian spermatozoa, lysosomes and venoms of
various insects and snakes. The third group of hyaluronidases are 3-glycanohydrolases (EC
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3.2.1.36) that are produced by leeches and some hookworms [40]. Unlike the bacterial
hyaluronidase, these enzymes hydrolyze the β 1→4 linkages between GlcNAc and GlcUA
and the end product is tetrasaccharide. It becomes the substrate for an exoglycosidase that
hydrolases the HA to single monomer units.
Six genes encoding HYAL-related enzymes have been identified in humans; they are
grouped as a two tightly linked triplets on human chromosomes 3p21.3 (HYAL1, HYAL2,
HYAL3) and 7q31.3 (HYALP1, HYAL4, SPAM1) [41]. These sequences all share
approximately 40% aa identity and appear to have evolved by duplication to form a cluster of
three genes on one chromosome that was duplicated again to form a second cluster on
another chromosome [42]. HYALP1 is a non-coding pseudogene because of the presence of a
premature stop codon.
The mouse orthologous genes are found on chromosome 9 (Hyal1, Hyal2, Hyal3) and
chromosome 6 A2 (Hyal4, Spam1 and Hyalp1) [43]. Along with these six genes, another
homologous gene, Hyal5, was found downstream of Spam1 [44]. Details of each of these
genes and their encoded enzymes are described in the following sections.

1.3.1.1 HYAL1
HYAL1, also known as the plasma hyaluronidase, is an acid-active hyaluronidase that
degrades HA to tetrasaccharides. It was the first hyaluronidase to be isolated, cloned and
sequenced from mammalian tissues [45]. Human HYAL1 has 7 exons (Gene ID: 3373) and
encodes a 2507 bp mRNA, which is translated into a protein of 435 aa with a predicted
molecular mass of 43.5 kDa. HYAL1 mRNA is present in almost all human tissues [46].
However, it is most highly expressed in liver, kidney, spleen, and bone marrow the major
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sites of HA degradation [41,47]. A recent study of the subcellular localization of HYAL1 in
murine macrophages showed that HYAL1 is synthesized as a 52 kDa protein that is
processed to a 48 kDa form by proteolytic maturation when it reaches the lysosome [48]. The
crystal structure of human HYAL1 has been determined. Like other glycosidases, the active
site region is found in the centre of an alpha/beta barrel. Two residues, Asp129 and Glu131
are the key catalytic residues required for hydrolysis although several aromatic amino acids
and some key amino acids lining the substrate binding groove are also important [49]. During
the catalytic reaction, glutamate acts as a proton donor and the N-acetyl group of HA
provides the nucleophile [50]. Therefore, the activity of HYAL1 is dependent on acidic
environments (pH 3.8) and it can breakdown any size of HA to produce tetrasaccharide units
[45]. The mouse orthologue shares approximately 73% aa similarity with human HYAL1
[45].
A deficiency in HYAL1 results in a lysosomal storage disorder in humans,
mucopolysaccharidosis (MPS) IX, that is characterized by joint abnormalities due to HA
accumulation [51]. Histological examination of affected tissue demonstrated the
accumulation of HA in the lysosomes of macrophage and fibroblasts [51]. Studies of HYAL1
deficiency in a mouse model demonstrated a similar phenotype to that of the human disease
[52]. To date, four patients (two males and two females) have been diagnosed with MPS IX.
They exhibit chronic joint pain and pathological studies showed mild hyperplasia of the
synovium and macrophage infiltration [53] that in one patient has led to bilateral joint
replacement. Considering the broad distribution of HA and its role during development, this
phenotype is unexpectedly mild and suggests that other enzymes play a role in constitutive
HA degradation.
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1.3.1.2 HYAL3
Human HYAL3 has 5 exons and encodes a 1492 bp mRNA which is translated into a
protein of 417 aa with a predicted molecular weight 41.7 kDa. HYAL3 is weakly expressed
in most tissues, except in the testes and bone marrow, where it is highly expressed [47]. In
vitro transfection of murine HYAL3 in baby hamster kidney cells resulted in 45 and 56 kDa
isoforms that localised in late endosomes/lysosomes [54]. Although no HYAL3 activity is
detected [55], its overexpression resulted in an elevation in HYAL1 activity suggesting a role
for HYAL3 in HA metabolism [54]. Hyal3 KO mice appeared healthy and did not exhibit any
skeletal abnormalities or HA accumulation [56]. The only pathology was a mild
morphological difference in the lungs of Hyal3 KO mice. A recent study reported that
HYAL3 had an acidic enzymatic activity in sperm that might facilitate the penetration of the
sperm through the cumulus cells surrounding the oocytes [57].

1.3.1.3 HYAL2
The HYAL2 gene has six exons (Gene ID: 8692) and encodes a 1909 bp mRNA that is
translated to form a 473 aa (GenBank: AAH00692.1). Initially, HYAL2 was proposed to be a
lysosomal enzyme [58]. Amino acid sequence similarity of human HYAL2 with its mouse
orthologue is 82%. Analysis of the primary structure of HYAL2 using bioinformatics
revealed the presence of an N-terminal signal sequence that would be expected to target the
protein to the endoplasmic reticulum. A signal for a GPI linkage was also predicted that
would replace the c-terminal 27 aa [59]. Later, HYAL2 was identified as a GPI linked protein
in HEK293 cells [60], and in bronchial epithelium [61]. Subcellular localization of HYAL2
has been reported in association with lipid rafts [59]. HYAL2 can also be translocated from a
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organelle in the cytoplasm to the plasma membrane. In activated platelets, HYAL2 is
transported from α-granules to the membrane [62].

1.3.1.3.1

HYAL2 expression

An initial study of HYAL2 revealed that it is broadly expressed in all human tissues
except in adult brain [58]. Further, expression analysis using quantitative RT-PCR in adult
and embryonic mouse tissues demonstrated ubiquitous expression of Hyal2 mRNA including
in the brain [63]. The expression of HYAL2 is also evident during development. For
example, HYAL2 levels varied during development and it was assumed to promote
blastocyst formation of bovine embryos in vitro [64]. The expression of HYAL2 in
microvascular endothelial cells indicated it may play an important role in tubulogenesis [65].
However, further research is necessary to determine where HYAL2 is localized in tissues to
improve our understanding of the cellular involvement of this enzyme in HA catabolism.

1.3.1.3.2

HYAL2 in HA catabolism

HYAL2 is thought to be involved in the regulation of HA turnover and size, as it
partially cleaves long chain HA molecules to produce ~ 20 kDa fragments [39]. In vitro
studies in an HEK293 cell line stably transfected with HYAL2 demonstrated that HYAL2
acts extracellularly, and its activity depends on a cell surface receptor, CD44 [55]. The
interaction and colocalization between HYAL2 and CD44 have been also reported in both
vesicles and plasma membrane of chondrocytes from arthritis patients [66]. The activity of
HYAL2- mediated HA cleavage depends on an acidic microenvironment [67]. HYAL2 can
act at the cell surface and is also presumed to be active in the ECM. For example, CD44
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shedding in bovine chondrocytes increases the release of HYAL2 from the membrane of
these cells to the ECM where weak HYAL2 activity has been demonstrated [66]. The activity
of a soluble form of HYAL2 has been also reported in human bronchial epithelial cells [68].
Therefore, it appears HYAL2 can either act at the cell membrane or as a soluble form.

1.3.1.3.3

Other functions of HYAL2

HYAL2 does not only have a major role in HA catabolism, but also acts as a cell
surface receptor for the jaagsiekte sheep retrovirus. The envelope protein of this virus
mediates oncogenesis in lungs of sheep [60]. It also acts as a critical modulator of the way
cells interact with their microenvironment and regulates cell motility by a direct interaction
between HYAL2 and the CD44- ezrin-radixin-moesin complex [69]. The function of
HYAL2 in cell survival and death has been demonstrated in murine fibroblast cells [70]. In
this study, the interaction of HYAL2 and transforming growth factor β 1 (TGF-β1) recruited
the tumor suppressor WW domain-containing oxidoreductase. The resulting complex then
translocated into the nuclei and activated SMAD signaling, resulting in an increase in
SMAD-driven expression of cell growth and death [70]. These suggested that HYAL2 has
functions other than in HA catabolism.

1.3.1.3.4

HYAL2 in disease pathology

HYAL2 is proposed to play an important role in the pathology of many inflammatory
diseases and tissue repair. In vitro study of exogenous HA fragments has shown several
functions, such as induction of the synthesis of inflammatory cytokines [71], MMP [72] and
recognition of injury through the activation of endothelial cells [73]. Proinflamatory
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cytokines also regulate the expression of HYAL2. In human knee explants, HYAL2
expression was up-regulated by IL-1 and TNF cytokines [74]. Recently a study has been
reported that HYAL2 mRNA expression can also be upregulated by mechanical stimuli in
articular chondrocytes [75]. Elevated HYAL2 expression has also been reported in the
synovial fluid of rheumatoid arthritis and osteoarthritis patients [76]. Increased expression of
HYAL2 is also associated with the pathology of the post-ischemic kidney in rat [77]. Taken
together, HYAL2 could be a potential therapeutic target in the treatment of disease where
modulation of HA catabolism is necessary. However, further study of HYAL2’s function in
vivo and whether exogenously added HA mimics fragments produced by HYAL2 are a
prerequisite.

1.3.1.3.5

HYAL2 in cancer

There is growing evidence suggesting HYAL2 is a modulator in the pathophysiology
of different cancers including breast [78,79], skin [80], endometrial [81] and ovarian
carcinoma [82]. Decreased HYAL2 methylation is proposed to be a prognostic marker for
early diagnosis of breast cancer [83]. An elevated level of Hyal2 mRNA and protein has been
correlated with highly invasive breast cancer cells [78,79], and an increased level of HYAL2
expression has been reported in tumor metastasis in highly aggressive breast cancer [79].
Along with breast cancer, increased expression of HYAL2 has also been reported in
advanced colorectal cancer in vitro [84]. In addition, immunohistochemistry (IHC)
demonstrated increased HYAL2 in both premalignant and malignant skin cancer [80]. In
ovarian cancer, increased HYAL2 expression was found post-chemotherapy, but not to prechemotherapy [82]. In a recent study of cells from the naked mole rat, the overexpression of
Hyal2 induced malignant transformation and tumor formation by removing HMM-HA [85].
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In contrast, down-regulation of HYAL2 was also associated with several carcinomas,
including endometrial, lung and kidney [81,86]. More studies are needed to determine
whether HYAL2 has a direct role in the progression of cancer and what characterizes the
types of cancers for which it appears to be a negative or positive prognostic factor.

1.3.1.3.6

Animal model of HYAL2 deficiency

The generation of a mouse model with HYAL2 deficiency was recognized as a
valuable way to try to characterize its role in HA catabolism. Unfortunately, the initial
attempt to generate Hyal2 KO mice suggested HYAL2-deficiency was embryonic lethal [87].
However, our laboratory and collaborators were successful in generating Hyal2 KO mice on
an outbred background (129/Ola/CD1/C57BL/6) which was then backcrossed for 6
generations onto the C57BL/6 background. Initial characterization of the HYAL2 KO mice
revealed craniofacial abnormalities, apparent decreased survival rate, increased serum HA,
and mild anemia compared to control mice [63]. In contrast to HYAL1 KO mice [52], there
was an increased level of HA in Hyal2 KO serum suggesting that HYAL2 played a role in
maintaining normal plasma HA in mice. However, a survey of the distribution of HYAL2 in
major mouse tissues was not performed, and initial studies failed to identify broad HA
accumulation in its absence [63].

1.3.1.4 Other HYALs
Besides the HYALs that are expressed in somatic tissues, there are three additional
HYAL-related genes (HYAL4, PHYAL1 and SPAM1) on human chromosomes 7q31.3 that do
not appear to contribute to HA turnover on a broad level. HYAL4 expression is limited to the
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placenta and skeletal muscle, and it encodes a chondroitinase rather than a hyaluronidase
[41]. In humans, HYALP1 is a pseudogene that is broadly expressed in human tissues at the
mRNA level [41], but a premature stop codon prevents the production of a protein. The
mouse orthologue, Hyalp1 is expressed in testes, brain, liver, fat and skeletal muscle [88,89].
However, the catalytic activity of HYALP1 is controversial [88]. The last gene in this group,
SPAM1, is expressed specifically in the testes, where it appears to function in fertilization.
Sperm adhesion molecule 1 (SPAM1), also known as PH20, is the testicular
hyaluronidase. It resembles HYAL2 in that it is found on the membrane surface as a GPIlinked neutrally active hyaluronidase. Unlike HYAL2 which degrades high molecular mass
(HMM) HA to 20 kDa fragments, SPAM1 can degrade any length of HA to generate
tetrasaccharides [88]. During fertilization, SPAM1 on the surface of sperm facilitates
penetration of the HA-rich cumulus of the oocytes [88]. However, during the acrosome
reaction, SPAM1 is cleaved to form a smaller, acid-active form. Whether, the formation of a
similar soluble form through proteolytic cleavage applies to HYAL2 is currently uncertain.
Despite the apparent role of SPAM1 in fertilization, SPAM1 null mice are fertile,
suggesting redundancy with other HYALs. It was suggested that in mice, this was due to the
presence of Hyal5, a second testicular HYAL that is absent in humans. HA zymography
showed that HYAL5 was active at physiological, but not at an acidic pH [88]. Like SPAM1
KO mice, HYAL5 KO mice are fertile and produce litters of normal size. In vitro fertilization
studies of both Spam1 and Hyal5 KOs demonstrated that HYAL5 is not essential for
fertilization [90]. Whether HYAL2 may also play a role in fertilization is yet to be
determined, although it is present on the sperm surface [91].
Recently, another gene encoding a protein involved in HA degradation in skin
fibroblasts, KIAA1199, was identified [92]. Initially, mutations in this gene were identified as
24

a cause of hearing loss [93]. Indeed, it is highly expressed in the cochlea, and is required for
normal ear development [93]. In vitro studies have demonstrated that KIA1199 can bind to
HA and depolymerise HA through the clathrin-coated pathway [92]. HA accumulation has
been reported in cultured cells from a hearing loss patient with a mutation in KIA1199 [92].
However, the relationship between KIAA1199 and the HYALs in currently unexplored.

1.3.1.5 Exoglycosidases
For decades, the exoglycosidases have been recognized as having the potential to
contribute to the degradation of HA through the sequential removal of terminal sugar units
[94]. There are two lysosomal exoglycosidases, β-hexosaminidase and β-glucuronidase that
have the potential to act on HA by removing terminal GlcNac and GlcUA, respectively. The
contribution of these enzymes to overall HA degradation has been controversial although
mice deficient in all forms of β-hexosaminidase do exhibit an MPS-like phenotype with
accumulation of both GAGs and gangliosides in several tissues. The types of GAGs that were
accumulating in tissues were not known. To determine the types of GAGs, and assess the
potential for the exoglycosidases to compensate for HYAL1 deficiency, triple KO
(HexaKO/HexbKO/ Hyal1KO), and double KO(HexaKO/HexbKO) mouse models were generated
and their GAG storage was assessed. These studies clearly demonstrated more accumulation
of HA in the triple KO as compared to double KO tissues, demonstrating that the
exoglycosidases contribute significantly to HA catabolism in the mouse [95]. Although these
studies were performed using β-hexosaminidase deficiency in combination with HYAL1
deficiency, one might expect a similar outcome in a combined β-glucuronidase/HYAL1
deficiency as these two exoglycosidases work alternately in the degradation of HA.
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1.4

Model of HA degradation
Although HA is an abundant component of the vertebrate ECM, and plays important

roles in tissue homeostasis, development and remodelling, the pathway of HA degradation is
still unclear. A model for HA catabolism has been proposed (Figure 1.3). In this model,
HYAL2 initiates the degradation of HMM-HA to smaller fragments that bind with cell
surface receptors for endocytosis and degradation in lysosomes by HYAL1 and the
exoglycosidases, β-hexosaminidase and β-glucuronidase [43]. This model suggests that
HYAL2 is important for the degradation of HMM-HA for systematic degradation in
lysosomes. There are several cell surface receptors, including CD44, LYVE-1 (lymphatic
vessel endothelial receptor 1), and HARE (HA receptor for endocytosis), which bind HA in
vitro and promote its endocytosis. Most recently, in vitro studies of prostate cancer cells have
been shown that overexpression of HYAL1 promotes endocytosis of extracellular HA into
lysosomes, suggesting HYAL1 alone can degrade HMM-HA into fragments for entry into the
cytoplasm [96]. Therefore, further studies are required to elucidate the role of these enzymes
in HA breakdown.
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Figure 1.3. Proposed working model for HA degradation.
Proposed working model for HA degradation. In this model, HYAL2 initiates the breakdown
of long chain HA to short fragments at the cell surface, which are endocytosed to lysosomes
by a receptor-mediated pathway for further degradation. In the lysosome, other enzymes such
as HYAL1 degrade short fragments of HA to generate disaccharides which are further
degraded to monomers by the exoglycosidases, β-hexosaminidase and β-glucuronidase. H+,
hydrogen ion; Hyal2, hyaluronidase 2; Hyal1, hyaluronidase1; Hex, hexosaminidase A and
B; Gluc, glucuronidase (Modified from [43], Courtesy of Dr. Barbara Triggs-Raine).
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1.4.1

Non-enzymatic HA degradation
In addition to endoglycosidases and exoglycosidases, HA can be degraded by

ultrasonication, acid or alkaline hydrolysis, high temperature and reactive oxygen species
[97]. In recent studies of extracellular superoxide dismutase (EC-SOD) KO mice, severe
pulmonary inflammation was detected which was presumed to be due to free radical
degradation of extracellular HA to short pro-inflammatory fragments [98]. Zelko et al also
demonstrated that EC-SOD attenuated the release of interstitial HA which protected from
bleomycin-induced lung injury [99]. These studies suggest that free radicals play an
important role in HA degradation in some situations.

1.5

HA receptors
Cell surface molecules are required for HA uptake prior to degradation. There are

several cell surface receptor proteins including CD44, RHAMM (receptor for hyaluronic acid
mediated motility), LYVE-1, and HARE, which bind with HA and promote its endocytosis
and/or initiate cellular signalling events.

1.5.1

CD44

CD44 is the principal cell surface receptor for HA. This transmembrane glycoprotein is
widely expressed in many different mammalian tissues and plays important roles in
embryogenesis [100], tumor progression [101], inflammation, immune cell activation [102]
and fibrosis [103]. It consists of intracellular, transmembrane and extracellular domains.
Alternative splicing of CD44 exons form multiple isoforms that are the basis of functional
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and structural diversity of this protein [104]. The amino-terminal region of the extracellular
domain binds with HA via link modules and regulates downstream signalling pathways. For
instance, in vitro studies have demonstrated that a CD44-HA interaction regulates the
proliferation and adhesion of endothelial cells [105]. Along with downstream signalling
functions, CD44 also plays an important role in HA internalization [106]. It binds with
pericellular HA molecules and promotes their internalization into cytoplasmic organelles.
CD44 is expressed during embryonic development and in adult tissues. In early
embryonic development, IHC showed that CD44 localizes to the myocardium and
endocardial cushions of the heart, blood vessels, and craniofacial tissues [100]. Another study
of CD44 expression in adult mouse tissues showed its presence in kidney, spleen, thymus,
intestine and choroid of eyes [107]. However, Cd44 KO mice do not exhibit any obvious
phenotype, suggesting redundancy with other molecules in this pathway during development
and in adult life [108].

1.5.2

Lymphatic vessel endothelial receptor-1 (LYVE-1)
LYVE-1 is also a transmembrane protein and has 41% amino acid sequence similarity

with CD44 [109]. It also binds HA through an extracellular domain, endocytoses HA and
participates in downstream cell signalling events. Northern blot analysis of LYVE-1 in human
tissues revealed its abundant expression in liver, spleen, LN, and heart [109]. In embryonic
and adult tissues, LYVE-1 is mainly expressed endothelial cells of blood vessels and hepatic
sinusoids respectively [110,111]. In vitro studies have shown that LYVE-1 binds with
HMM-HA and may play a role in its uptake and degradation [109].
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To determine its function in development and HA turnover, an LYVE-1 KO mouse
model was generated. Lyve-1 KO mice were viable and displayed no apparent phenotype and
no difference in HA accumulation when compared to controls [112]. To determine if there
was functional redundancy between LYVE-1 and its homologue CD44, LYVE-1/ CD44
double KO mice were generated [113]. However, double KO mice also displayed no obvious
phenotype suggesting that other receptors might replace their function in HA endocytosis and
signalling events. Further studies are needed to understand LYVE-1‘s role in HA
catabolism/function.

1.5.3

HA receptor for endocytosis (HARE)
HARE also known as stabilin-2 is known to be a major receptor for rapid

internalization of HA in the lymph nodes, spleen and liver [114]. The human 315 kDa HARE
protein was purified from human spleen [114]. It is encoded by a single gene on chromosome
12 and contains 69 exons. The HARE mRNA was detected in human liver, spleen, and lymph
nodes [115]. Immunohistochemical localization of HARE in mouse tissues using an antibody
toward stabilin-2 demonstrated intense staining of the endothelial cells in liver, lymph nodes,
bone marrow, and epithelial cells in eye, brain, kidney and the mesenchymal cells of the heart
valves [116]. In vitro studies indicated that the HARE-HA interaction mediated intracellular
signal transduction through the extracellular signal-regulated kinase 1 and 2 (ERK1/2)
pathway [117]. Interestingly, Hare KO mice have recently been reported to show high levels
of serum HA, dilated cardiomyopathy, and premature mortality [118].
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1.5.4

Receptor for HA mediated motility (RHAMM)
RHAMM is widely distributed on the cell surface, in the cytoplasm and the nucleus in

human breast cancer cells [119,120]. HA-RHAMM interaction mediates cell signalling
pathways and promotes cell migration, proliferation and differentiation. In the cytoplasm, the
HA-RHAMM interaction might play an important role in mitosis by reorganising the
centromeres and microtubules [120].

1.6

HA in organ development
Despite the simple structure of HA, it has been demonstrated to have several

molecular functions and to influence the physiochemical structure of tissues/organs during
development and remodelling. HA provides mechanical support and contributes to tissue
homeostasis. It interacts with PGs via link modules which are of key importance to the
integrity of pericellular matrices and ECM. In addition to this structural role, interactions
between HA and its receptors, regulate different cell signalling events such as proliferation,
migration and differentiation [121]. For example, during mitosis HA-dependent pericellular
matrices create a hydrated environment surrounding cells that promotes partial separation and
rounding of dividing cells [22].
HA has been found in the stem cell niche and it thought to assist in stem cell
proliferation, migration and differentiation [122]. One example is neural crest cell (NCC)
migration and differentiation. During early embryonic development, NCCs are made up of a
population of pluripotent cells that migrate into the branchial arches and produce various cell
types including nervous system, connective tissues, skeletal, dermal and mesenchymal cell
types. Epithelial to mesenchymal transition (EMT) is a central process in NCC migration
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[123]. The EMT processes involves biochemical changes in epithelial cells and enable it to
assume a mesenchymal cell phenotype that includes increased production of ECM, resistance
to apoptosis,enhanced invasiveness and migratory capacity [124]. EMT begins with the
down-regulation of the intercellular adhesion complex, promoting the transition from a
tightly linked epithelium to motile mesenchyme. There are several transcription factors which
regulate the expression of adhesion proteins. For example, SNAIL1 and 2 repress the
expression of E-cadherin and induce EMT [125]. Once NCC reaches a final destination, they
then start to proliferate and differentiate into specific cell types [123]. HA synthesis is also
altered during EMT [126] and migration [22]. The role of HA in NCC migration has been
characterised in Xenopus laevis. This study showed the HA-rich ECM promoted NCC
migration and differentiation into chondrocytes during craniofacial development [127].
Consistent with an important role for HA in promoting EMT, HAS3 and HAS2
overexpression in human pancreatic cancer cells resulted in accumulation of extracellular HA
that inhibited E-cadherin expression and increased the accumulation of cytoplasmic βcatenin, promoting EMT [128]. Once the transition is completed the mesenchymal cells
express the intermediate filament protein, vimentin.
The physiochemical properties of HA influence the development of several organs
including the heart [126], limb [129], kidney [130], ear [131], palate [132] and neural tube
[133]. During development, HA appears to regulate various physiological processes by
interacting with cell surface receptors. For example, an HA- CD44 or HA- RHAMM
interaction drives changes in the cytoskeleton and activates various intracellular signalling
pathways including phosphoinositide 3 kinase (PI3K), nuclear factor kappa B (NF-kB) and
receptor tyrosine kinase erbB-2 (ERBB2), which cause cell proliferation, invasion and
motility [121]. The degradation of HA and its associated PGs is also a key step in these
developmental processes [134]. In mice, defects in the degradation of the HA-binding PG
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versican result in heart, limb and palate abnormalities [135]. In vitro studies have shown that
this developmental process can be inhibited by degradation of HA itself or using blocking
antibodies for its cell surface receptor CD44 [130,136]. In fact, the occurrence of
developmental mistakes can lead to craniofacial abnormalities, which in humans account for
one-third of all congenital birth defects [137,138]. However, currently the field lacks
information regarding how disruption of normal HA degradation impacts organ development
in vivo.
The role of HA in heart development is examined further in the following section.
1.6.1. HA in heart development
The heart is the very first organ to develop during embryogenesis. In the developing
mouse embryo the cardiac primordia forms a single heart tube at E8.5 that consists of two
layers of cardiac cells, an inner layer of endocardium and an outer layer of myocardium
which are separated by cardiac jelly (Figure 1.4). Cardiac jelly is rich in HA and PGs. HA
binds water and promotes swelling of cardiac jelly within the cardiac cushion and forms the
future atrioventricular canal (AVC) and outflow tract (OFT) that separate the atria from the
ventricles at E9.5. Endothelial to mesenchymal transition (endoEMT) within atrioventricular
cushions form the valve primordia [139,140]. An important role for HA during cardiac
embryogenesis has been demonstrated through Has2 KO mice; these mice die at E9.5 due to
failure to form HA within the cardiac jelly [126]. HYALs are also thought to be important as
very early studies in cardiac cushions and myocardium of the chick embryo suggested
HYALs depolymerized HMM-HA to low molecular mass (LMM) HA during cardiac
morphogenesis [141]. In vitro studies of cardiac explants from mice showed that removal of
HMM-HA is required to attenuate EMT and induce vascular endothelial growth factor
(VEGF) expression needed for further heart development (Figure 1.4) [142]. Although no
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requirement for HYALs has been demonstrated in vivo, these findings suggest an important
role.
NCC-derived ectomesenchyme is also important in the development of the heart
[143]. NCC-derived ectomesenchyme is required for the patterning of the aortic arch and
generating the smooth muscle layers in the tunica media of blood vessels [143]. As we
mentioned earlier, the migration of NCC-derived cells also depends on HA-rich matrix [127].
There may be important roles for HA and HYALs in multiple stages of heart development
where EMT is important, but the early embryonic death in Has2 KO mice has prevented such
studies.
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Figure 1.4. Stages of mouse embryonic heart development
The formation of the heart tube in mouse cardiac embryogenesis starts at E8.5. The heart tube
consists of an inner layer of endothelial cells and an outer layer of myocardial cells. This
tube then expands and undergoes rightward looping. At this time, the heart is remodelled
from a linear tube to four distinct chambers of the heart through a series of complex steps
between E9.5 to 13.5. This involves formation of the OFT, AVC between the atrium (A) and
ventricle (V) and the endocardial cushions in the OFT and AVC. The endocardial cushions
act as a precursor for all heart valves. EMT is an essential step between E8.5 and 9.5 to form
the endocardial cushions. Following, this stage, activation of the VGEF pathway is required
to inhibit EMT to develop four distinct structures within the heart (modified from [144]).
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Mature cardiac valves consist of three distinct layers of tissue; these include the
collagen-rich fibrosa, which is responsible for the structural integrity, the spongiosa which
regulates the activity of the valve interstitial cells (VICs), and the elastin-rich ventricularis
which gives shape to the valve (Figure 1.5) [145]. The spongiosa layer consists primarily of
PGs and GAGs [145]. One of the major GAGs in the spongiosa layer is HA which regulates
the flexibility of the valve leaflet [146]. In vitro studies of VICs, which are responsible for the
synthesis and remodelling of ECM components of the valve, have shown a relationship
between HA fragments and VIC activity [147]. In this study, HA fragments increased the
proliferation of VICs and production of elastin, but, decreased the collagen production.
These findings suggest that HYALs and other proteins involved in HA turnover, as well as
the regulation of HA size, might have an effect on the normal function of heart valves.
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Figure 1.5. Model of the heart valve structure.
The mitral valve of the normal heart has three layers. The fibrosa consists of collagen, the
atrialis/ventricularis is rich in elastin and the middle spongiosa layer is rich in GAGs.
(modified from [139] ).
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1.7

HA in disease pathology
The biological function of HA depends on its size and amount in a spatiotemporal

manner. The alteration of HA level and size has been identified in kidney disease, cancer,
lung injury and stroke [148-150]. This alteration in the HA size can be used as a prognostic
marker for various cancers including breast, lung, ovary and prostrate carcinoma [78,151153]. The role of HA size in tissue injury and repair has been well characterized in wound
healing. HMM-HA initiates clotting and then LMM HA promotes the requitment of
fibroblasts at wound sites to synthesize new ECM for remodelling of tissue [154]. HA size is
also associated with tissue fibrosis. LMM-HA promotes myofibroblast conversion from
fibroblasts and production of excessive matrix components, whereas HMM-HA dampens
fibrosis in lamb wound healing [155]. The presence of excessive HA in the extracellular
space affects the production of other ECM components, as a result, causes disruption of tissue
homeostasis. For example, biochemical and histological analysis of myxomatous mitral
valves demonstrated the presence of excessive HA [156] and abundance of the three PGs
versican, decorin, and biglycan when compared to controls [157]. In vitro studies of
trabecular meshwork cells from open-angel glaucoma patients has also shown that HA level
regulates the production of tissue remodelling enzymes like MMP9 and MMP2 in a dosedependent manner; a higher concentration of HA promotes synthesis of excessive MMPs
[158]. The importance of HA size and levels in determining its function suggests HYALs
might play an important role in disease pathology by regulating HA size and/or abundance.
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1.9

Diseases associated with defects in GAG degradation
The MPS are a group of lysosomal storage disorders; each results from the deficiency

of a lysosomal enzyme that contributes to the systematic degradation of GAGs (Table 1.3).
The accumulation of GAGs in the lysosome causes lysosomal dysfunction and cell death; this
accumulation is greatest in those tissues where the GAG levels are highest [159]. Clinically,
MPSs are categorised as heterogeneous and progressive disorders. The severity of the
disorder is typically inversely correlated to the level of residual enzyme activity. At birth,
patients appear normal but later develop disease symptoms, including joint, skeletal,
pulmonary and cardiac symptoms, vision and hearing impairment and in some cases
neurological impairment [160]. Currently, two kinds of treatment options are available;
haematopoietic stem cell transplantation (HSCT) and enzyme replacement therapy (ERT)
[160]. The list of MPSs, the clinical symptoms, available treatment and the accumulated
substrates associated with a specific disease are listed in Table 1.3.
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Table 1.3. Features of MPS
Disease

Enzyme deficiency

Substrate

Clinical features

references

accumulation

MPS I

α-L-iduronidase

DS, HS

dysostosis multiplex,

Hurler (H)

organomegaly, corneal

Hurler -Scheie

clouding, heart disease;

(H/S)

mental retardation;

Scheie (S)

death in childhood.

MPS II

iduronate sulfatase

DS, HS

Hunter

organomegaly, mental

[161]

[162]

retardation, short
stature, normal
intelligence, death
before 15 years (severe)

MPS III

HS

relatively mild somatic

Sanfilippo A

heparan-N-sulfatase α-

manifestations,

Sanfilippo B

N-acetylglucosaminidase

hyperactivity,

Sanfilippo C

heparan acetyl-CoA

profound mental

Sanfilippo D

α-glucosaminide

deterioration

[163,164]

N-acetyltransferase
MPS IV

distinctive skeletal

Morquio A

galactose 6-sulfatase

KS and CS

abnormalities, corneal

Morquio B

β-galactosidase

KS

clouding, odontoid

[164,165]

hypoplasia, milder
forms known to exist.
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MPS VI

arylsulfatase B

DS

dysostosis multiplex,

(Maroteaux-

(N-acetylglucosamine

corneal clouding,

Lamy)

4-sulfatase)

normal intelligence,

[166]

survival to teens in
severe form,
milder forms also
documented.
MPS VII (Sly)

β-glucuronidase

KS, DS, CS

dysostosis multiplex,

[164,167]

hepatomegaly, wide
spectrum of
severity including fetal
hydrops and
neonatal form
MPS IX

HYAL1

HA

mild short stature,

[51]

periarticular soft
masses.
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1.9.1

Cardiovascular disease
GAGs are one of the major ECM components of heart valves and large blood vessels

[156]. Due to its hydrated nature, GAGs absorb shear force during valve leaflet/cup
movement [168]. Therefore, the disruption of GAG degradation results in cardiac
abnormalities in neonates and adults. The appearance of cardiovascular diseases including
valve and myocardium thickening, pulmonary hypertension, and narrowing of the major
blood vessels are the most prominent features in all MPSs. The onset of cardiac disease
pathology appears early in life and progresses rapidly to heart failure and sudden death.
Between 60-90% of patients with MPS experience valve disease [169], and 30% of MPS I
and II patients are diagnosed with coronary artery disease due to the accumulation of GAGs
in the vessels [170]. The accumulation of GAGs in VIC, changes the shape of the cells from
fusiform to round causing thickened leaflets and chordae tendineae which affect normal
cardiac function, resulting in valvular disease [159,171]. Accumulation of GAGs in the
subvalvular region results in dysmorphic and stiff leaflets that may lead to left
atrial/ventricular volume overload, left ventricular dilation, hypertrophy and ultimately to
systolic and diastolic dysfunction [170]. Surgical replacement of heart valves and continuous
monitoring of cardiac function through echocardiograms are standard practice in the
treatment of MPS patients with cardiovascular disease. Detection of the enzyme responsible
for the cardiac manifestation in MPSs will systematically improve the management of cardiac
disease by restoring the functional enzyme. For example, long-term enzyme replacement
therapy preserves the cardiac function in adults and children with MPS I and II [172,173].
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1.9.2

Skeletal abnormalities
Skeletal abnormalities are common clinical features in MPSs. Accumulation of GAGs

in the chondrocytes, articular cartilage, synovial fluid and surrounding tissues leads to joint
stiffness and poor mobility in patients [174]. Since these abnormalities develop early in life, it
also affects normal growth, resulting in growth retardation in most MPS patients. The current
therapeutic options for the treatment of bone associated disease are ERT and bone-marrow
transplantation [174]. However, the success of current treatment interventions is limited. A
better understanding of pathophysiological events will enable us to pursue treatment aimed at
improving the lives of MPS patients.

1.10

Diseases associated with PG deficiency
In the ECM, PGs have a diverse range of functions due to their multi-domain

structure. In some cases, these domains mediate interactions with cells and matrices. Some
domains participate in cell signalling events that regulate cellular behaviour. The function of
PGs is highly regulated by a family of a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS) enzymes. Mutation in these enzymes results in the
abnormal proteolysis of PGs causing disorganization of the matrix, hindering cell-cell
communication and altering the biomechanical properties of the matrix [175]. For example
mutation in ADAMTS2 results in abnormal collagen fibrillation in Ehlers– Danlos syndrome
type VIIc [176]. A mutation in ADAMTS10 causes cardiac valvular disease, growth
retardation, and ectopic lens in Weill–Marchesani syndrome [177]. Animal models of
ADAMTS deficiencies have been generated to characterize their function and identify new
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treatment approaches [178]. Adamts 9 KO mice are embryonic lethal at E7.5 and
haploinsufficiency of the same gene resulted in cardiac, including aortic abnormalities
[178,179]. Therefore, proper regulation of PGs are necessary for normal development and to
maintain tissue homeostasis.
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1.11.

Study objectives and hypothesis
The overall goal of the work in this thesis was to determine the role of HYAL2 in HA

catabolism using Hyal2 KO mice generated as part of a previous study. Initial studies of the
HYAL2 KO mice revealed craniofacial abnormalities and chronic anemia, as well as
unexplained pre-weaning lethality [63]. However, in addition to these features, our studies of
Hyal2 KO mice on an outbred background (C129/Ola;CD1;C57BL/6) have revealed severe
pre-weaning lethality (only 9% survived after weaning) and of the surviving KOs, 54%
showed a gross enlargement of either the left or right atrium compared to control mice. These
findings indicated that HYAL2 likely had a much more significant role in HA catabolism
than suggested in the initial investigation of the KO phenotype and set the stage for the
studies described in this thesis.
Overall Hypothesis: HYAL2 normally degrades extracellular HA in a broad range of tissues
and deficiency of HYAL2 during development results in HA accumulation leading to
abnormal organ development and pre-weaning lethality.
To test this hypothesis, a series of molecular, histochemical and functional studies were
performed on HYAL2 KO and control mice. This study had three objectives
Specific Objective 1.
To characterize the cardiac phenotype in adult Hyal2 KO mice.

Rationale and approach.
The gross atrial enlargement observed in 54% of Hyal2 KO mice appeared to be the
cause of death. Mice with atrial dilation followed an acute course of apparent heart failure
and ultimately required euthanasia at an average age of 3 months. The remaining 46% of
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Hyal2 KO mice followed a sub-acute (chronic) course that required euthanasia at an average
age of 5.6 months. In Chapter 2, we describe the histological and biochemical
characterization of the cardiac phenotypes in the adult Hyal2 KO mice. We demonstrate an
accumulation of HA in serum, interstitium of myocardium, lungs, heart valves (100% of
mice) and pulmonary fibrosis (54% of mice) that appear to be the cause of the
cardiopulmonary dysfunction and premature death in Hyal2 KO mice.

Specific Objective 2.

mice.

To characterize the cardiac functional and developmental abnormalities in Hyal2 KO

Rationale and approach.
The severe atrial enlargement in Hyal2 KO mice suggested that there was abnormal
development. However the cause of this morphological abnormality and how it impacted
cardiac function in the adult Hyal2 KOs was not known. In Chapter 3, we describe the
cardiac developmental and functional abnormalities in Hyal2 KO mice. We provide strong
evidence to indicate that increased EMT in Hyal2 KO mice is the cause of morphological
abnormalities and this structural defect leads to diastolic dysfunction in adult mice.
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Specific Objective 3.
To characterize the distribution of HYAL2 in mouse tissues/organs and the tissue HA
accumulation in Hyal2 KO mice.
Rationale and approach.
HA accumulation in Hyal2 KO heart, serum and lungs suggested a role for this
protein in HA catabolism. However, a survey of the cellular distribution of HYAL2 in either
human or mouse tissues was not available. In the Chapter 4, we describe the localization of
HYAL2 in a broad range of mouse tissues/organs and further correlate it with HA
accumulation in Hyal2 KO mice using biochemical and histochemical approaches. We
demonstrate that HYAL2 is mainly localized to endothelial cells and some specialized
epithelial cells, and plays a significant role in local HA degradation.
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Chapter 2: Murine hyaluronidase 2 deficiency results in extracellular hyaluronan
accumulation and severe cardio-pulmonary dysfunction
Biswajit Chowdhury, Richard Hemming, Sabine Hombach-Klonisch, Bruno Flamion, and
Barbara Triggs-Raine. J. Biol. Chem. 288, 520-528, 2013.
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2.1

Abstract

Hyaluronidase (HYAL) 2 is a membrane-anchored protein that is proposed to hydrolyze
hyaluronan (HA) to smaller fragments that are internalized for breakdown. Initial studies of a
Hyal2 knock-out (KO) mouse revealed a mild phenotype with high serum HA, supporting a
role for HYAL2 in HA breakdown. We now describe a severe cardiac phenotype, deemed
acute, in 54% of Hyal2 KO mice on an outbred background; Hyal2 KO mice without the
severe cardiac phenotype were designated non-acute. Histological studies of the heart
revealed that the valves of all Hyal2 KO mice were expanded and the extracellular matrix
was disorganized. HA was detected throughout the expanded valves, and electron microscopy
confirmed that the accumulating material, presumed to be HA, was extracellular. Both acute
and non-acute Hyal2 KO mice also exhibited increased HA in the interstitial extracellular
matrix of atrial cardiomyocytes compared with control mice. Consistent with the changes in
heart structure, upper ventricular cardiomyocytes in acute Hyal2 KO mice demonstrated
significant hypertrophy compared with non-acute KO and control mice. When the lungs were
examined, evidence of severe fibrosis was detected in the acute Hyal2 KO mice but not in
non-acute Hyal2 KO or control mice. Total serum and heart HA levels, as well as size, were
increased in acute and non-acute Hyal2 KO mice compared with control mice. These findings
indicate that HYAL2 is essential for the breakdown of extracellular HA. In its absence,
extracellular HA accumulates and, in some cases, can lead to cardiopulmonary dysfunction.
Alterations in HYAL2 function should be considered as a potential contributor to cardiac
pathologies in humans.
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2.2

Introduction

Hyaluronidase (HYAL) 2 is a glycophosphatidylinositol-linked protein and a member of
the hyaluronoglucosaminidase family [59,87]. It is proposed to initiate the degradation of
HA, an abundant GAG in the extracellular matrix of many vertebrate tissues including heart
valves, vitreous of the eye, and synovial fluid. The viscoelastic properties of HA influence
the properties of the ECM and are important for cell proliferation, differentiation and
migration. A role for HA in embryogenesis has been established using HA synthase 2deficient mice which die at embryonic day 9.5 due to loss of endocardial cushion swelling
and a lack of epithelial to mesenchymal transition [126].
Regulation of HA levels is required for normal development, and to maintain normal
tissue homeostasis. Degradation of HA by HYALs is important to maintaining these levels.
Six HYAL-encoding genes have been identified which are grouped into two tightly linked
triplets, one on human chromosome 3p21.3 (HYAL1, HYAL2, HYAL3) and a second on
human chromosome 7q31.3 (HYALP1, HYAL4, SPAM1) [41]. With the exception of HYAL4
and HYALP1, all the HYALs are thought to be capable of degrading HA. A role for HYAL1
and HYAL2 in HA degradation in somatic cells has been proposed. In this model, HYAL2
initiates HA degradation into small fragments that are endocytosed and degraded in
lysosomes by HYAL1 and exoglycosidases [39]. HYAL2 is a GPI-anchored protein [59] that
could act at low pH at the cell surface [67]. It has been suggested that HYAL2 resides in
lysosomes in some cell types [180]. Despite the proposed role for HYAL2 in HA
degradation, only a deficiency of HYAL1 has been found to cause a human disorder. It
causes mucopolysaccharidosis (MPS) IX, a lysosomal storage disorder characterized by joint
abnormalities due to HA accumulation [46,51].
In the heart valves, GAGs are abundant and play important roles in both developing and
mature valves [139,181]. It is not surprising that cardiovascular manifestations are a
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prominent feature of many forms of MPS that result from GAG accumulation [170]. For
example, mitral valve thickening and stenosis are found in Hurler and Scheie diseases, and
these findings are also reflected in the corresponding mouse model [182]. Therefore, defects
in ECM modifying enzymes are among the many causes of cardiovascular disease.
HA is one of the major GAGs in the heart valves. Surprisingly, no broad spectrum HA
accumulation, including in the heart, was identified during the characterization of Hyal1-,
Hyal2-, or Hyal3-deficient mice [52,63,183]. Previous studies of Hyal2 KO mice revealed
craniofacial abnormalities and chronic anemia, as well as unexplained pre-weaning lethality
[63]. However, in addition to these features, on an outbred background
(C129/Ola;CD1;C57BL/6), we have found a gross enlargement of either the left or right
atrium in more than half of the Hyal2 KO mice that survived to weaning. Since HA synthesis
is known to be essential for normal heart development, we hypothesized that a failure to
degrade HA in these mice had resulted in HA accumulation, leading to cardio-pulmonary
dysfunction, and premature death.
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2.3

Materials and methods

2.3.1

Generation of Hyal2 KO Mice.

Hyal2 KO mice were generated as part of a previous study [63]. For the current study,
Hyal2 KO mice and littermate controls, either wild type (+/+) or heterozygous (+/-), on an
outbred background (C129/Ola;CD1;C57BL/6) were derived through breeding of Hyal2
heterozygotes. Mice were genotyped using PCR-based strategies on DNA samples isolated
from ear punches. For the amplification of wild type Hyal2 and the Neo-targeted Hyal2
allele we used the forward and reverse primers (5’-actcagctgctggttcccta-3’; 5’atagcactggcagcgaaagt-3’), and (5’-aaggaacatcagggaagatcat-3’; 5’-cggtgcccgagactaagtc-3’),
respectively. All animal procedures were conducted under protocols approved by the
University of Manitoba Animal Care Committee and following the guidelines of the
Canadian Council on Animal Care.

2.3.2

Histology.

Mice were sacrificed by carbon dioxide inhalation and tissues for light microscopy were
immediately collected and fixed overnight in either formalin or 10% buffered formalin
(Protocol) containing 1% hexadecylpyridinium chloride monohydrate. Tissues for subsequent
biochemical studies were stored at -80oC. Fixed tissues were embedded in paraffin, and 5 µm
sections were stained for morphological analysis using established methods for hematoxylin
and eosin [184] or for GAG detection using alcian blue [184], with minor modifications in
the time of incubation with the stain. Counter staining for alcian blue was performed with
Nuclear Fast Red (ScyTek Laboratories) for 2.5 min. Heart and lung ECM was stained using
Masson’s trichrome stain (Sigma-Aldrich) according to the manufacturer’s protocol. Slides
were dehydrated, mounted and visualised using bright field microscopy. For the analysis of
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hypertrophy in cardiomyocytes, slides were incubated for 30 min with 4 µg/ml wheat germ
agglutinin (Alexa Fluor® 488 conjugate), mounted using Prolong Gold (Invitrogen) and
visualised by fluorescence microscopy. The area of the cardiomyocytes, as defined by WGA,
was measured using AxioVision 4.5 software. A minimum of 7 fields, containing an average
of 8 cells per field, were examined for each animal.

2.3.3

Electron microscopy.

The valve and surrounding myocardium were collected by punch biopsy from a whole
heart that was sliced using a Rodent Heart Slicer Matrix (Zivic Instruments). Tissues were
fixed for 4 h at room temperature in 2% glutaraldehyde, 2% paraformaldehyde prepared in
100 mM sodium cacodylate buffer, pH 7.2, containing 10 mM calcium chloride (CaCl2) and
0.7% ruthenium red. After fixation, tissues were washed with wash buffer (100 mM sodium
cacodylate, 10 mM CaCl2, 0.7% ruthenium red, 0.7% sucrose, pH 7.2.) for 5 min, 30 min and
1 h at room temperature. Tissues were post-fixed for 1 h in 100 mM sodium cacodylate
containing 1% osmium tetroxide and 0.7% ruthenium red followed by three 10 min wash in
ddH2O. Tissues were dehydrated for 10 min each in 50% ethanol, 75% ethanol, 95% ethanol,
2 changes in 100% ethanol followed by 100% methanol, and 3 changes in propylene oxide.
After dehydration, tissues were infiltrated by incubating in a mixture of propylene oxide and
Araldite 502 Kit (mixture of araldite, DDSA and DMP-30 was 58.9%: 46%: 2%, w/v, Ted
Pella Inc). The infiltration solution were prepared with propylene oxide and Araldite (3:1,
1:1, and 1:3) and incubated for 1 hr each. Slow hardening of the araldite was performed
through 1 day incubations at each of room temperature, 45oC and 60oC.
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2.3.4

Detection of HA, alpha smooth muscle actin (α-SMA), F4/80, and CD31.

HA was detected with biotinylated HA-binding protein (HABP; Calbiochem) as
described previously [52], except without enzyme retrieval and using HABP (1.67 µg/ml for
heart sections and 6.68 µg/ml for lung sections) in Tris-buffered saline (pH 7.5) overnight at
4oC. Sections were incubated with avidin-conjugated horse radish peroxidase, detected with
diaminobenzidine (DAB), and counter stained in Nuclear Fast Red. To verify the specificity
of the HABP, sections were incubated overnight with 25 U/ml hyaluronidase from
Streptomyces hyalurolyticus (Sigma) before the HABP detection.
For the detection of α-SMA, F4/80, and CD31, the sections were incubated overnight at
4oC with mouse monoclonal anti-human smooth muscle actin (1:300, DaKO Denmark), rat
monoclonal anti-mouse F4/80 (1:100, AbD Serotec), or rabbit polyclonal anti-CD31 (1:50,
Abcam) antibodies respectively. Secondary antibodies, biotinylated rabbit anti-mouse
(1:1000, Dako Denmark), or goat anti-rat (1:500, Invitrogen), were used to detect the primary
complexes, and complex detection was as for HA, above. For F4/80 and CD31, antigen
retrieval was performed by incubating the slides for 20 min at 95oC in 10 mM sodium citrate
(pH 6).

2.3.5

Analysis of HA concentration and sizes.

Blood was collected from mice immediately following euthanasia or from the saphenous
vein of live mice at 6 and 12 weeks. Serum was collected from clotted blood by
centrifugation at 3000 rpm for 10 min and stored at -80oC. HA levels were quantified using
an ELISA-like HA test plate (R&D System) according to the manufacturer’s instructions. All
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samples were analyzed in duplicate and the average value was used for subsequent
comparisons.
Fluorophore assisted carbohydrate electrophoresis (FACE) was performed for
quantification of HA and chondroitin sulphate levels in tissues [95]. Briefly, GAGs isolated
from frozen heart tissue using 50 µg/µl proteinase K digestion and ethanol precipitation, were
cleaved to disaccharide units by overnight incubation in hyaluronidase SD (Seikagaku Cat#
100741-1) or chondroitinase ABC (Sigma-Aldrich) in 200 mM ammonium acetate. The
disaccharides were isolated, labelled with 2-aminoacridone, and quantified in comparison to
known disaccharide standards as described previously [185]. The fluorescence was detected
using the Fluor-S Max MultiImager (Bio-Rad) and quantified using Quantity One 4.6.9
software (Bio-Rad).
For sizing of HA, GAGs were prepared from tissue (10-15 mg) or serum (200-400 µl) as
for FACE, except 5 mM deferoxamine was included in the proteinase K digestion, and a 4 h
incubation at 37oC with 10 U of DNAse I, and 50 µg of RNAse A was incorporated after
inactivating the proteinase K by boiling. Instead of digesting the GAGs to disaccharides, they
were enriched by precipitating with 1% hexadecylpyridinium chloride monohydrate, as
described previously [186]. The pellet was then resuspended in 100 µl of 20 mM Tris pH 8.0,
and Pronase was added to 0.2 mg/ml. Following overnight incubation, the GAGs were
precipitated with 900 µl of 100% ethanol. The final pellet was resuspended in 15 µl of water;
3 µl of Orange G tracking dye was added and the sample was separated by electrophoresis on
a 0.8% agarose gel prepared in Tris-acetate buffer (pH 8.3). The gel was stained overnight
with 0.005% Stains-all prepared in 50% ethanol, destained with 10% ethanol until the bands
were clearly visible, and photographed. Negative control samples to verify the identity of the
HA were prepared by incubating the GAGs overnight with 2.5 U of Hyaluronidase SD before
they were analyzed by electrophoresis.
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2.3.6

Statistical analysis.

The genotype distributions were compared to expected Mendelian ratios using the chisquare test. For all other statistical analysis, data are presented as mean ± SEM (standard
error mean). Means were compared by student’s t test. P ≤0.05 was considered statistically
significant.

2.4

Results

2.4.1

Increased mortality in Hyal2 KO mice.

We obtained viable Hyal2 KO mice by inter-crossing Hyal2 +/-, although as reported
previously [63], pre-weaning lethality was observed. In fact, only ~9% (70 of 789) of the
offspring were Hyal2 KOs at weaning instead of the expected Mendelian 25% (χ2(2)= 109.86;
p<0.001). Of the viable Hyal2 KO mice, 54% were smaller in size than their littermates, and
exhibited a rapid onset of lethargy, weight loss, dull coat, and shortness of breath requiring
euthanasia at an average of 3.2 months of age. Upon dissection, the left or right atrium of
these mice were grossly dilated (Figure 2.1). The remaining 46% of Hyal2 KO mice
developed a slower onset of lethargy, loss of weight, and poor grooming that required
euthanasia at an average of 5.8 months of age. Severe atrial dilation was not found in these
mice, or in control (Hyal2+/+/Hyal2+/-) littermates. However, one kidney was found to be
missing in 1% of control mice and 43% (N=29) of Hyal2 KO mice, suggesting this
phenotype is increased by Hyal2-deficiency. The kidney phenotype was not further
investigated as it was found to be independent of the atrial dilation. For the studies described
herein, the Hyal2 KO mice were divided into two categories; mice with atrial dilation were
defined as ‘acute’ and those without atrial dilation were defined as ‘non-acute’.
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Figure 2.1. Atrial dilation in Hyal2 KO mice
For orientation, an arrow indicates the apex of the Hyal2 KO and control (+/+) hearts; an
asterisk indicates the dilated atrium of the KO heart.

2.4.2

Heart valve expansion in Hyal2 KO mice.

The atrial dilation in the acute Hyal2 KO mice, together with the knowledge that HA is
abundant in the heart valve, led us to look for valve abnormalities in the Hyal2 KO mice. H &
E staining revealed a profound expansion of the pulmonary, mitral, aortic, and tricuspid
valves in all mice that were examined (n=9) compared to control littermates (n=7).
Representative sections of the pulmonary and mitral valves are presented in Figure 2.2 A-D.
To determine if there was any difference in the expansion of the valves in the acute and nonacute Hyal2 KO mice, we compared the expansion/length of the valve leaflet/cups by
determining the number of serial sections that included each valve. The valve thickness was
significantly greater in Hyal2 KO mice than controls, but there was no significant difference
between the acute and non-acute Hyal2 KO mice (Figure 2.2 E).
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Figure 2.2. Histopathology of heart valves
(A-D) H & E stains of cross sections of the heart of Hyal2 KO (A and C) and control (B and
D) mice. Representative photographs of the pulmonary (A and B) and mitral (C and D) valves
show the expansion in the Hyal2 KO mice (arrows bound valve edges). (E) Comparison of
the valve thickness in Hyal2 KO and control (+/- and +/+) mice. Thickness was estimated by
determining the total number of 5 µM serial cross sections that included any of the four heart
valves. Graphed values represent the mean thickness ± SEM. Significant expansion of the
valves in Hyal2 KO mice compared to control littermates (n=4, * indicates P < 0.05) was
found, but there was no significant difference between non-acute and acute Hyal2 KO mice
(n=4, P = 0.60). Calibration bars represent 50 µm.
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2.4.3

Structure/organization of the valves in Hyal2 KO mice.

To determine if HA was accumulating in the Hyal2 KO mice, we used HABP to detect
HA. Abundant HA was found throughout the valves (Figure 2.3 A-J), and given the
expanded size of the valves in the Hyal2 KO, this indicates HA was accumulating in the
Hyal2 KO valves.

To determine if the accumulating HA was altering the organization of the ECM of the
valve, we examined ECM components using Masson’s trichrome staining. Compared to
normal valves (Figure 2.4 B), the ECM of valves from Hyal2 KO mice were disorganized,
with GAGs (non-stained material) deposited between the collagen fibres in the fibrosa and
ventricularis/atrialis layers respectively, and resulting in an expanded spongiosa layer (Figure
2.4 A). Endothelial cells in the valve were identified by staining for the endothelial marker
CD31. The CD31 positive cells (brown) appeared less frequent in the Hyal2 KO valve,
probably because these cells were stretched over the extended surface area of the expanded
valve (Figure 2.4 C and D). These findings indicate that the accumulated HA in the ECM of
Hyal2 KO mice leads to the expansion, thickening, and disorganization of the valve
leaflet/cups.
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Figure 2.3. Analysis of HA in heart tissues
(A-J) Detection of HA in cross sections of the heart was performed using the HABP.
Representative results for all four valves are shown. The intensity of HA staining (brown
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colour) was similar throughout the Hyal2 KO and control (+/-) valves. (I-J) Representative
negative (-ve) controls for the HABP staining. Calibration bars represent 50 µm.

Figure 2.4. Analysis of valvular organization.
(A-B) Masson’s trichrome staining of aortic valves show increased GAGs (unstained)
separating the collagen fibres (light blue) in Hyal2 KO (A) compared to the control (+/-)
mice (B). (C-D) Anti-CD31 antibodies were used to detect endothelial cells (brown) on the
valve surface in Hyal2 KO and control (+/+) mice. CD31 positive cells were found to be
closely spaced on the control valves (D), but are widely spaced on the Hyal2 KO valves (C).
Calibration bars represent 50 µm.
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We also examined the structure of the atrial and ventricular myocardium of acute and nonacute Hyal2 KO mice and controls for additional pathologies. Staining for total GAG with
alcian blue revealed accumulation of interstitial GAGs between the atrial cardiac myocytes
(Figure 2.5 A, C and E). This staining was more prominent in the acute Hyal2 KO mice than
the non-acute Hyal2 KOs, and was always stronger in Hyal2 KO mice than controls,
indicating that GAGs were accumulating in the KO mice. In adjacent serial sections, HA was
found to be abundant in the ECM of the acute mice compared to both non-acute and control
mice (Figure 2.5 B, D and F), providing further evidence that HA is accumulating in the
Hyal2 KO mice.
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Figure 2.5. Analysis of GAGs in the myocardium.
Representative examples of alcian blue stained myocardium show increased intercellular
GAG accumulation in the acute Hyal2 KO (A) compared to the non-acute Hyal2 KO (C) and
control (E) mice. Enhanced HABP staining (brown) of consecutive serial slides showed the
presence of more HA in the acute (B) than non-acute (D) and control (F) mice. Calibration
bars represent 50 µm. The genotype of the control animals is +/+.
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2.4.4

Cardiac hypertrophy in Hyal2 KO mice.

To determine if there were additional abnormalities in the cardiac myocytes of Hyal2 KO
mice, sections were stained with fluorescently labelled wheat germ agglutinin, and the sizes
of the cardiomyocytes were determined. Significant cardiac hypertrophy was found in the
upper ventricular region, close to the base of the heart, of acute Hyal2 KO mice as compared
to controls (Figure 2.6 A), but this hypertrophy did not reach significance in the lower
ventricular region of acute Hyal2 KO mice (Figure 2.6 B), or in non-acute Hyal2 KO mice
(Figure 2.6 C and D).
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Figure 2.6. Cardiac hypertrophy in Hyal2 KO mice.
(A) Cardiomyocytes of the upper ventricular myocardium showed significant hypertrophy in
acute Hyal2 KO mice compared to controls (n=3, *, P < 0.05.), whereas (B) lower ventricular
myocardium showed no significant difference between acute Hyal2 KO and control mice
(n=3; p=0.74). Graphed values are expressed as mean ± SEM. The size of the cardiomyocytes
of the upper ventricular (C) and lower ventricular (D) myocardium of non-acute Hyal2 KO
and control mice (n=3; p=0.14, 0.06) did not differ significantly. Graphed values represent
the mean ± SEM. The control data presented in this figure is combined from mice with both
+/+ and +/- genotypes.
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2.4.5

Accumulation of ECM in Hyal2 KO hearts.

To further characterize the changes in the Hyal2 KO hearts, we performed transmission
electron microscopy on the valves as well as ventricular and atrial myocardium. In the
control valves (Figure 2.7 E), the ECM was densely packed with collagen fibrils, whereas in
the Hyal2 KO valves (Figure 2.7 A) ECM separated the collagen fibrils. The accumulated
material in the Hyal2 KO valves was clearly extracellular, and was presumed to be HA. The
atrial myocardium of Hyal2 KO mice (Figure 2.7 B and C) contained cardiomyocytes which
showed a disorganized arrangement of myofibrils and mitochondria and a substantial
reduction in myofibrils. In contrast, the atrial cardiomyocytes of control mice showed a
sarcoplasm with tightly packed myofibrils and mitochondria (Figure 2.7 F and G). Within the
ventricular myocardium, we observed cardiomyocytes with a disorganized arrangement of
myofibrils and mitochondria and a more loosely packed sarcoplasm (Figure 2.7 D) when
compared to controls (Figure 2.7 H)
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Figure 2.7. Subcellular structure of Hyal2 KO heart tissues.
Representative transmission electron microscopy images are shown for Hyal2 KO (A, B, C,
and D) and for control (E, F, G, and H) mice. Compared to the organization of the ECM in
the valve of control mice (E), the extracellular space in the Hyal2 KO mouse valve (A)
contains excessive GAG accumulation (*, white space) between the fibroblasts causing
separation of the collagen fibrils (A). The atrial myocardium in Hyal2 KO mice contained
cardiomyocytes lacking an organized arrangement of myofibrils and mitochondria (B) and
showing reduced myofibrils (C). In contrast, the atrial cardiomyocytes of control mice show
tightly packed myofibrils and mitochondria (F and G). We observed a disorganized
arrangement of myofibrils and mitochondria within a more spacey sarcoplasm in ventricular
cardiomyocytes of Hyal2 KO mice (D) compared to controls (H). All control mice (E-H) for
this study were +/-. Scale bars represent 2 µm.
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2.4.6

Histopathology of lungs in Hyal2 KO mice.

To search for additional differences in acute, non-acute and control mice that might be
related to atrial dilation, we examined the lungs. A dramatic difference between the acute and
non-acute Hyal2 KO lungs was identified. The alveoli were reduced and the alveolar septa
thickened in the acute Hyal2 KO mice compared to non-acute and control mice (Figure 2.8
A-C). Further, Masson’s trichrome staining revealed that collagen levels were increased in
the alveolar septae of the acute mice that was absent in both non-acute and control mice
(Figure 2.8 D-F). Further investigation of the thickened alveolar septa using anti-α-SMA
immunostaining revealed a strong signal for α-SMA in the alveolar interstitium of acute mice
which was not detected in the lungs of the non-acute or control mice (Figure 2.8 G-I).
Increased levels of HA were also detected in the lungs of acute and non-acute Hyal2 KO
compared to control mice (Figure 2.8 J-L) although the levels were much higher in the
acutely affected animals. Therefore pathology typical of severe pulmonary fibrosis was
present only in the acute Hyal2 KO mice. Compared to control mice we observed numerous
alveolar macrophages (foam cells) in the inter- and intra-alveolar spaces of acute, and to a
lesser extent, non-acute Hyal2 KO mice (Figure 2.8 A-B), suggesting the accumulation of
HA led to the recruitment of macrophages to the lung parenchyma. To confirm that these
infiltrating cells were macrophages, we used an antibody toward F4/80 (Figure 2.8 M-O).
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Figure 2.8. Histopathology of lungs.
(A-C) H&E staining of alveolar structure in acute (A), non-acute (B) and control (C) mice.
Acute mice show dilated alveoli and thickened septae compared to the other two groups. (DF) Masson’s trichrome shows the accumulation of collagen (light blue) in acute (D) mice
compared to non-acute (E) and control (F) mice. (G-I) Staining for α-SMA (brown) clearly
shows the presence of α-SMA in the alveolar septae of acute (G) mice but not in non-acute
(H) or control (I) mice. (J-L) Staining for HABP (dark brown) clearly shows the presence of
more HA in the alveolar septae of acute (G) mice compared to non-acute (H) and control (I)
mice. Alveolar macrophages (foam cells, arrows) were found in acute (M) and non-acute (N)
mice compared to controls (O). Calibration bars represent 50 µm. Genotypes of control mice
were (+/+) for C, F, L and (+/-) for I, O.
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2.4.7

Increased HA levels and size in serum and heart of Hyal2 KO mice.

A deficiency of HYAL2 had already been demonstrated to lead to increased serum HA
[63]. As expected, we found the levels of HA to be approximately 19 fold higher in Hyal2
KO mice compared to controls at 12 weeks (Figure 2.9 A). The levels of HA increased with
age in the Hyal2 KO mice reaching an average fold increase of 27 at the time of euthanasia
(Figure 2.9 A). Interestingly, the levels of serum HA were elevated in both acute and nonacute Hyal2 KO animals, indicating that differences in the levels of circulating HA are
unlikely to be the cause of the more severe phenotype in the acute Hyal2 KO animals.
We also quantified the levels of HA in the heart and lungs of Hyal2 KO mice using FACE.
Consistent with the detection of increased HA by IHC, elevated levels of HA were found in
Hyal2 KO hearts and lungs compared to controls (Figure 2.9 B and C). No significant
difference between the levels of HA in non-acute and acute Hyal2 KO mice was detected in
the heart (Figure 2.7 B). The HA levels also appeared similar in the lungs of acute and nonacute Hyal2 KOs, but our sample size was not large enough for statistical analysis. We also
examined the chondroitin sulphate levels in the heart by FACE, and no significant difference
between Hyal2 KO (0.91 ± 0.17ng/mg) and control (0.77 ± 0.12 ng/mg) mice was found
(p=0.51, n=4).
Given HYAL2’s predicted role in initiating HA degradation by cleavage of high molecular
mass HA to smaller fragments for internalization, we expected that the HA found in the
tissues of Hyal2 KO mice would have a larger molecular mass than that in control animals. In
order to assess this, HA was partially purified from the serum and hearts of Hyal2 KO and
control mice and its size was analyzed by agarose gel electrophoresis. Accumulating HA was
clearly evident in the heart (Figure 2.9 D) and serum (Figure 2.9 E) of Hyal2 KO mice
compared to controls. The size of the HA in Hyal2 KOs was also increased compared to that
in control tissues (Figure 2.9 D and E). The size of the isolated HA did not differ between
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acute and non-acute Hyal2 KO mice (data not shown). The material that we identified as HA
in Figure 2.9 D and E, was readily digested with hyaluronidase SD, as shown in Figure 2.9 F,
verifying its identity. Some of the lower molecular mass bands did not digest with
hyaluronidase and are presumably represent other GAGs or contaminating proteins.
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Figure 2.9. Serum and tissue HA content and size in Hyal2 KO mice.
(A) Mean serum HA levels in control, as well as non-acute and acute Hyal2 KO mice at 6 wk
(control n=7, non-acute n= 5, acute n=4), 12 wk (control n=6, non-acute n=5, acute n=3), and
at death (control n=15, non-acute n=11, acute n=7). The levels of HA in the serum are
significantly increased in non-acute and acute Hyal2 KO mice compared to controls. (B)
Total HA content in the heart (n=3 in each group). The amount of HA is significantly
increased in non-acute and acute Hyal2 KO mice compared to controls but acute and nonacute mice do not differ from one another (P = 0.22). (C) Total HA content in the lung (n= 3
in each group). The amount of HA is significantly increased in the lung of Hyal2 KO
compared to control mice (P= 0.04). Graph values expressed as mean ± SEM. Student’s ttest, *P < 0.05; **P < 0.001; ***P < 0.0001. The control data presented in this figure were
from both +/+ and +/- mice. HA size in the heart (D) and serum (E) of Hyal2 KO and control
mice was analyzed by agarose gel electrophoresis of GAGs isolated from these tissues. The
size of HA standards (Select-HA™ LoLadder; Hyalose) in kDa are shown to the left of the
panels. The dark-staining high molecular mass material, spanning the region indicated by the
bar to the right of panels D and E, is HA. (F) To differentiate HA within the stained material
on the agarose gel from other GAGs and contaminating proteins, GAGs isolated from the
serum of control and Hyal2 KO mice were not treated (-) or treated (+) with hyaluronidase
and then analyzed by agarose gel electrophoresis. The high molecular mass material was
removed by hyaluronidase treatment, identifying it as HA.
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2.5

Discussion.

This study demonstrates that HYAL2 is essential for cardio-pulmonary function in mice.
In its absence, extracellular HA accumulates in the serum and the interstitium of the heart
muscle and lungs, heart valves thicken, and pulmonary fibrosis develops in some animals,
leading to severe cardio-pulmonary dysfunction and premature death. This cardio-pulmonary
failure follows an acute course (mean survival ~3 months) in some animals and a subacute
course (mean survival < 6 months) in others. Acutely affected animals exhibited severe atrial
dilation, cardiac hypertrophy, and pulmonary fibrosis that were absent from subacute
animals. However, increasing plasma HA levels, heart valvulopathy, myocardial infiltration
with GAGs and HA, and influx of pulmonary macrophages were present in all Hyal2 KO
mice, confirming a major role of HYAL2 in cardio-pulmonary function and possibly in
overall HA turnover. Indeed, using the HABP, we have found increased HA levels in most
tissues of both acute and non-acute Hyal2 KO mice. Previous examinations of the Hyal2 KO
mice had revealed pre-weaning lethality, bone abnormalities, mild anemia, and elevated
serum HA [63].
Whether or not the Hyal2 KO mice develop the more severe acute phenotype is likely
determined by other genetic loci. Indeed, the heart phenotype is infrequent on the C57BL/6
background, and the frequency of pre-weaning lethality is lower in the C57BL/6 (<10%) than
the outbred background (16%). Taken together, these findings suggest that other loci can
strongly influence the phenotype associated with HYAL2 deficiency.
The heart may be especially susceptible to the effects of HYAL2 deficiency because of the
high levels of HA in the developing heart [126]. In contrast to HA synthase 2 KO mice,
where a deficiency of HA synthesis prevents the formation of the endocardial cushion, as
well as epithelial to mesenchymal transition [187,188], the heart and valves appear to develop
normally in Hyal2 KO mice. However, an apparent failure to remove excess HA in the
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myocardium and valves after their formation, together with a possible ongoing failure of
normal HA degradation, leads to postnatal cardio-pulmonary dysfunction.
Heart valvular pathology of the Hyal2 KO mice was not limited to the pulmonary valve,
indicating that HYAL2 is important in the homeostasis of valvular ECM in general. This
finding is not surprising given that HA is a major GAG in heart valves and has viscoelastic
properties that allow it to absorb shear force during the cardiac cycle [189]. The valvular
ECM is expanded and disorganized in various MPSs that result from mutations in GAG
degrading enzymes [182,190]. In addition, similar phenotypes result from defects in some
ECM remodelling enzymes, including a deficiency in the ADAMTS 9 enzyme [179].
Abnormalities in HA levels in valves have also been associated with common disorders such
as myxomatous valve disease [157,191,192]. Given the important role that HYAL2 can play
in regulating HA levels, alterations in its level should be considered as a factor that could
contribute to valve disease in humans. A complete deficiency of HYAL2 results in a severe
phenotype, and therefore it is less likely that a complete deficiency of HYAL2 is compatible
with human life.
Mice with HYAL2 deficiency also had excess ECM and accumulated HA in the atrial
myocardium. In the acute Hyal2 KO mice there were clearly increased levels of HA although
when the level of HA in the total heart was determined, no significant difference between
acute and non-acute Hyal2 KOs were detected. It is possible that as the heart attempts to
respond to the stress placed on it by abnormal valve function, additional ECM is synthesized,
and HA then accumulates. Interestingly, we did not find HA accumulation in the ventricular
myocardium, suggesting that Hyal2 deficiency impacts the atrial more than the ventricular
myocardium.
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HA can make fluids highly viscous and higher plasma viscosity can increase circulatory
resistance and induce or aggravate heart failure [193], possibly leading to cardiac
hypertrophy and pulmonary edema. This in turn, could result in the accumulation of αSMA
and collagen that is seen in the acutely affected Hyal2 KO mice. However we have no
pathological evidence as yet for such a chain of events. Although the contribution of elevated
serum HA to the phenotype of Hyal2 KO mice is unclear, it is interesting to compare the
phenotype of the Hyal2 mouse to the phenotype resulting from a deficiency of a major
receptor of HA, HARE [116]. Interestingly, Hare KO mice have been reported to show high
levels of serum HA, dilated cardiomyopathy, and premature mortality [118]. These findings
provide further evidence that a disturbance in extracellular HA is responsible for the cardiac
phenotype seen in Hyal2 KO mice.
An alternative explanation for the observed lung pathology in acute mice is that a failure
to degrade HA results in a primary defect in lung development [194]. The smaller size,
cardiomyocyte pathology, and atrial dilation in acute Hyal2 KOs could be secondary to
impaired lung function. The numerous alveolar and interstitial macrophages in the lungs of
Hyal2 KO mice may indicate the attempt to reduce the interstitial deposits of HA and
collagen. Such developmental delay could also cause high pre-weaning lethality in Hyal2 KO
mice.
Hyal2 is one of six hyaluronidase genes in humans and seven in mice [195]. It is a GPIanchored protein with a neutral pH optimum, and a preference to cleave high molecular mass
HA into 20 kDa fragments [87]. Most studies indicate that HYAL2 functions at the cell
surface, and therefore has been proposed to degrade extracellular HA to smaller fragments
that are internalized for further degradation [196]. Our findings support this model as the
level of serum HA was extremely high whereas the level of circulating HA has not been
shown to be elevated in mouse models with HYAL1 or HYAL3 deficiency. The larger size
75

of the HA that we detected in Hyal2 KO tissues and serum also supports a role for HYAL2 in
cleaving HA to smaller fragments for internalization. Further, electron microscopy indicates
that the accumulating material in the Hyal2 KO mice is extracellular whereas the material
appears to be intracellular in humans that are deficient in HYAL1 [51]. The phenotype
observed in Hyal2 KO mice is much more severe than that in the Hyal1 and Hyal3 deficient
mice [52,183] and more similar to that seen in other forms of MPS. This may be due to a
redundancy in the intracellular pathway of HA degradation, but no other enzyme that can
substitute for HYAL2 in extracellular degradation.
Finally, in 43% of the surviving Hyal2 KO mice we found one kidney was missing.
Interestingly, the kidney is another organ that has high levels of HA during development
[196], so, like the heart, it may be more susceptible to defects due to HA accumulation. In the
longer term, studies of Hyal2 KO mice at different embryonic and pre-weaning stages will
help to identify those tissues where HA degradation by HYAL2 is critical.
In conclusion, the present study illustrates the importance of HYAL2 in HA degradation in
the heart and in normal cardio-pulmonary function. Localized extracellular accumulation of
HA in the KO mice results in a storage disorder which is different from classic MPS
disorders where the storage is typically both lysosomal and extracellular. Although a human
condition resulting from alterations in HYAL2 activity has not yet been described, it will be
interesting to examine the levels of HYAL2 and serum HA concentration in patients with
unexplained heart valve abnormalities.
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Chapter 3: Disruption of hyaluronan degradation due to hyaluronidase 2-deficiency
causes increased mesenchymal cells, congenital heart defects and heart failure
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3.1

Abstract

Hyaluronidase 2 (HYAL2) is a membrane-anchored protein proposed to initiate hyaluronan
(HA) degradation. HA degradation in the developing heart is thought to be essential to inhibit
epithelial to mesenchymal transition (EMT). To determine if changes in levels of HA and
EMT in the developing Hyal2 KO heart account for cardiac dysfunction in Hyal2 KO mice,
longitudinal analyses of heart structure and function were performed.
Echocardiography revealed atrial enlargement and diastolic dysfunction in all Hyal2 KO
mice, as well as cor triatrium in 50% of 4 week old mice. The Hyal2 KO mice were divided
into acute and chronic groups based on the severity of the cardiac dysfunction; the acute
group died at ~12 wks of age, while the chronic group died at an average of 25 wks. All
Hyal2 KO hearts had increased HA, vimentin-positive cells, and fibrosis compared to
controls. Analysis of hearts at embryonic day (E)14.5 and E18.5 confirmed that the levels of
HA and number of vimentin positive cells were increased in Hyal2 KO mice during
development, and the EMT inhibitor, vascular endothelial growth factor, was decreased at
E14.5. In control hearts, HYAL2 was broadly expressed and HA decreased with embryonic
age.
This data demonstrates that disruption of normal HA catabolism causes increased HA levels
and mesenchymal cells, presumably because EMT is not inhibited. Excess EMT is the likely
cause of morphological abnormalities, including cor triatrium, which lead to progressive and
severe diastolic dysfunction, resulting in heart failure.
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3.2

Introduction
Congenital heart disease (CHD) can be detected in either childhood or adult life, and

affects approximately 50 per 1000 live births [197]. The genetic causes of CHD are highly
diverse, reflecting the complex molecular and cellular pathways that dictate normal heart
development. Mutations affecting components of the cardiac extracellular matrix (ECM) are
associated with a range of CHDs including Marfan syndrome, hypertrophic cardiomyopathy
and dilated cardiomyopathy [198]. A deficiency in the synthesis of the ECM
glycosaminoglycan, hyaluronan (HA), causes early embryonic death in mice due to defective
heart development [126]. Recently, defective degradation of HA due to hyaluronidase 2
(HYAL2)-deficiency was also identified as a cause of cardiopulmonary dysfunction in mice
[199]. To better understand how HYAL2-deficiency impacts heart development we have
performed a longitudinal study of cardiac structure and function in Hyal2 KO mice.
During embryogenesis, the heart is the first organ to develop. It is initially formed as a
straight tube consisting of an outer layer of myocardium and an inner layer of endocardium.
At approximately embryonic day (E) 9.5 in the mouse, the ECM between these layers
expands to form the cardiac jelly. Extensive remodeling of the cardiac ECM and looping of
the tube results in the formation of the atrioventricular canal, outflow tract and cardiac
cushion [200]. EMT of epithelial cells within the cushions establishes the primordium that
will develop into the valves and ventricular septum [139]. This primordium grows into thin
fibrous valve leaflets/cups, that mature through ECM deposition and remodelling [201]. This
process continues even after birth to form the mature heart.
HA and its binding protein, versican, are abundant components of the provisional
matrix in the developing heart and the mature matrix of adult heart valves [126,202]. A
critical role for HA during heart development has been demonstrated through the analysis of
HA synthase 2 (HAS2)- deficient mouse embryos. These embryos died at E9.5 due to a
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failure to form the HA-rich cardiac jelly needed to support transition of endothelial cells in
the cardiac cushions into mesenchymal cells (endoEMT) to form the heart valves and septa
[126]. Similar to Has2-/- mice, versican-deficient mice died at E10.5 due to abnormal cardiac
cushion formation [202]. Studies of mouse cardiac explants revealed that exogenous high
molecular mass HA promoted EMT whereas HA fragments inhibited EMT and activated the
vascular endothelial growth factor (VEGF) pathway to form the four chambered heart [142].
Until now, in vivo studies of the role of hyaluronidase in normal EMT or in heart
development have not been done.
Degradation of HA is presumed to be accomplished in somatic cells by HYAL1 and
HYAL2 [39]. HYAL2 is anchored to the plasma membrane by a glycophosphatidylinositol
linkage [59], and has weak activity toward high molecular mass extracellular HA to produce
fragments of approximately ~ 20 kDa [39]. These shorter fragments are thought to bind a cell
surface receptor for endocytosis, and be transported to the lysosome for degradation by
HYAL1 and the exoglycosidases [43]. An important role for HYAL2 in HA degradation is
demonstrated by the severe craniofacial abnormalities, pre-weaning lethality (only 9%
survived at weaning), atrial enlargement (50%), cor-triatriatum (50%), and valve thickening
(100%) present in Hyal2 KO mice [63,199]. Further, histological analyses of hearts and
lungs from Hyal2 KO mice showed significant accumulation of HA that was not present in
control mice [199]. However, the developmental basis of these changes, their effect on
function, and whether the phenotypes progress with age was unknown.
In this study, we have characterized and compared the heart structure and function in
Hyal2 KO and control mice over time using echocardiography. Severe atrial dilation
accompanied by diastolic dysfunction was found as early as 4 weeks of age in Hyal2 KO
mice, and progressed with age. Histological analyses revealed that the atrial dilation was the
result of excess tissue, and did not correlate with the presence of cor triatrium. Hyal2 KO
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mice were found to have increased numbers of mesenchymal cells at early stages of
embryonic development, suggesting increased EMT and decreased differentiation,
presumably due to the presence of excess HA, that leads to cardiac dysfunction. These
findings suggest that HA degradation by HYAL2 is required to attenuate EMT, and in the
absence of HYAL2, excess mesenchymal cells are formed.
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3.3.

Materials and methods

3.3.1

Mice

Mice that are null for HYAL2, Hyal2 KO mice, were generated as part of a previous study
[63]. These mice were maintained on an outbred (C57BL6; C129; CD1) background on
which 9% of Hyal2 KO mice survive [199]. Hyal2 KO and control mice (Hyal2+/+) were
generated through heterozygous intercrosses. Embryos for analysis of heart development
were collected from timed-pregnant females at E18.5 and E14.5. PCR-based genotyping of
DNA from tissue samples collected from offspring or embryos was performed as described
previously [199]. All studies were performed using protocols approved by the University of
Manitoba Animal Care Committee in accordance with the Canadian Council on Animal Care.

3.3.2

Ultrasound analyses of heart function

Cardiac imaging of Hyal2 KO and control mice was performed using high frequency
ultrasound with the Vevo 2100 system (Visual Sonics, Toronto, Canada) equipped with a 40
MHz transducer as described previously [203]. Mice were imaged at 4 wks of age, and then
every 4 wks until 6 months of age, unless an earlier humane end point requiring euthanasia
was reached. Euthanasia was performed by isoflurane overdose. During imaging, the body
temperature of the mice was maintained at 37°C ± 0.5°C under mild anesthesia (sedated with
3% isofluorane and 1.0 L/min oxygen and maintained at 1-1.5% isofluorane and 1.0 L/min
oxygen).
Structural and functional cardiac parameters in adult and embryonic hearts were
assessed using three imaging formats: brightness (B)-mode, motion (M)-mode and Doppler
imaging. B-mode was used to generate 2-D views of cardiac and associated vasculatures,
while the M-mode was used to characterize ventricular functional parameters, and pulsed82

wave Doppler was used to determine velocity and direction of the blood flow in a localized
region of the heart. Measurements were performed over four cardiac cycles. Each parameter
used in the calculations for the study was measured in triplicate for each mouse at each time
point. The data were analyzed by a trained and blinded research animal echocardiographer
using the Cardiovascular Package from VisualSonics following a published approach [203].

3.3.3

Micro-computed tomography (micro-CT)
Hearts were fixed overnight in alcoholic Bouin’s solution containing 1%

phosphotungstic acid as described previously [204] and imaged at 9 µm using the Skyscan
1176 micro-CT scanner. The scanning parameters were set at 0.5 mm thick aluminium filter,
X-ray source voltage 50 kV, and current 500 μA. The reconstructed 3D images were spacefilled, rotated, and colourized using Bruker-Micro-CT CT-Analyser Version 1.13.

3.3.4

Histology
Hearts were harvested from adult Hyal2 KO mice at 6 months of age unless a humane

end point was reached earlier. Each control heart was collected at the same time as an
experimental (Hyal2 KO) heart. Embryonic hearts were collected from E14.5 or E18.5 mice.
Control embryos at E8.5, 11.5 and 12.5 were obtained as part of a previous study [205].
Morphology was examined by hematoxylin and eosin (H & E) staining and HA was detected
using the HA binding protein (HABP) following established procedures [199]. ECM
components were visualized with Masson’s trichrome (Sigma) following the manufacturer’s
instructions.
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Immunohistochemistry (IHC) was performed as described previously [199], except
that antigen retrieval was in 0.1% sodium acetate pH 6.0 for 20 min. Rabbit polyclonal antivimentin (Abcam ab45939, 1:700), anti-VEGFA (Proteintech 19003; 1:1000) and antiHYAL2 (Abcam 1:200) were detected by incubation with biotinylated goat anti-rabbit
(Vector Labs, 1:500) for 1h. Antibody complexes were visualized with Impact
diaminobenzadine (Vector Labs), counterstained with nuclear fast red for 2.5 min,
rehydrated, and mounted with Permount (Fisher Scientific). Sections were visualised with a
Zeiss bright field microscope and analysed with Axiovision software. The number of
vimentin positive cells in the atrium and ventricle were calculated using Image J software Fiji
1.46 [206]. Three fields containing on average of 25 cells per field were counted for each
mouse.

3.3.5

Immunoblot analysis
Immunoblots were performed as described previously [54]. Briefly, mouse heart

extracts were prepared by sonication in PBS and 30 µg of protein were separated by
electrophoresis on a 7.5% sodium dodecyl sulfate–polyacrylamide gel. Blots with antivimentin (1/1000) or anti-β-actin (1/5000) were performed as described previously[54].

3.3.6

Statistical analysis
Data presented in this article are presented as mean±SEM. Statistical analysis were

performed using GraphPad Prism 6. Student t-test were used to determine the significant
level between the groups and differences were considered as significant when p< 0.05. For
the cardiac functional analysis, for each phenotype with repeated measures, comparisons
were conducted using PROC MIXED from SAS v9.3 (SAS Institute Inc., Cary, NC).
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3.4

Results

3.4.1

Atrial enlargement in Hyal2 KO mice
To understand the developmental origins of the cardiac phenotype of Hyal2 KO

mice, we examined whether cardiac dysfunction and atrial enlargement (dashed lines, Figure
3.1 A-C) previously detected at spontaneous death or at a humane end point in Hyal2 KO
mice [199], was progressive in nature. We conducted a longitudinal analysis of cardiac
structure and function at 4 wk intervals beginning at 4 wks of age by using high-frequency
ultrasound. At 4 wks of age, all Hyal2 KO mice exhibited significant atrial enlargement
(Figure 3.1 A-C, and G); in 50% of the Hyal2 KO mice, the size of the atrium was already
1.3 fold larger that of control mice by 4 wks. These mice reached a humane end point at an
average of 9 wks, 15 wks earlier than their less severely affected Hyal2 KO littermates. The
severe atrial enlargement in 50% of mice was consistent with our previous study where 54%
of mice were found to have severe atrial enlargement at death [199]. Based on these findings,
the severely affected Hyal2 KO mice, or acute group, were analyzed independently of the less
severely affected or chronic group of Hyal2 KO mice.
Ultrasound imaging revealed that the enlargement of the atria in Hyal2 KO mice was
accompanied by increased tissue density (Figure 3.1 D-F). In the acute group of Hyal2 KO
mice with severe enlargement, excess tissue blocked the view of the atrium (Figure 3.1 D)
that was normally clearly visible (Figure 3.1 E-F). No progressive change in the size of the
atrium was detected in the Hyal2 KO mice (Figure 3.1 G). We were unable to measure the
ventricular diameter using ultrasound imaging because the apex of the heart could not be
reproducibly visualized in the images. However, there were no instances where the ventricles
were grossly distended like the atria of Hyal2 KO mice.
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3.4.2

Valve thickening in Hyal2 KO mice
In a previous study, we demonstrated that all four valves of the heart were increased

in thickness in adult Hyal2 KO mice [199]. However, it was not clear whether increased
valve thickness was present at birth, or if the valves increased in thickness over time. B-Mode
images revealed significantly thickened valves were already present at 4 wks of age in Hyal2
KO mice, and that the degree of thickening did not change significantly with age (Figure 3.1
H,I). No significant difference was found in the valve thickness of acute and chronic Hyal2
KO mice. B-mode imaging allowed the measurement of only the aortic and mitral valves,
which we used as a proxy for valve thickness in general (Figure 3.2).
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Figure 3.1. Structural abnormalities in Hyal2 KO mouse hearts.
(A-C) High-resolution micro-CT images of Hyal2 KO and control hearts. Micro-CT images
were reconstructed in 3D and colorized to enhance structural visualization. Hyal2 KO mice
with a grossly enlarged atrium (A) were deemed acute while those with a mildly enlarged
atrium (B) were deemed as chronic. A heart from a control mouse is shown in (C). (D-F)
Ultrasound images of Hyal2 KO and control hearts. B-mode images of the heart showed an
enlarged and dense left atrium (dashed lines) in the acute Hyal2 KO mice compared to
chronic Hyal2 KO and control mice. The increased density is indicated in the image by the
stronger white signal. (G) Atrium diameter in Hyal2 KO and control mice. The diameter of
the atrium was significantly larger in both acute and chronic Hyal2 KO mice compared to
controls. (H) Atrial valve (AV) and (I) Mitral valve (MV) thickness was significantly
increased in acute and chronic Hyal2 KO mice compared to controls. *,† or # P<0.05; ** or
†† P<0.001; ***, ††† or ### P<0.0001. The number of animals used were: for atrial
enlargement control and chronic (n=6); acute (at 1 month n=7; 2 months n=4, 3 months n=3),
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for AV thickness control and chronic (n=6); acute (at 1 month n=7; 2 months n=4, 3 months
n=3), for MV thickness control and chronic (n=6), acute (at 1 month n=6; 2 months n=4, 3
months n=3).

Figure 3.2. Valve thickening in Hyal2 KO and control mice.
B-mode image of high-frequency ultrasound exhibiting thickened aortic and mitral valves in
the Hyal2 KO mouse (arrow, A,C) compared to the control (arrow, B, D). This is a
representative image from n=14 pairs of mice.
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3.4.3

Heart function in Hyal2 KO mice
To determine how the enlarged atria and thickened valves affected cardiac function in

Hyal2 KO (acute and chronic) and control mice [199], we analysed several parameters using
echocardiography. The peak velocities of early (E) to late atrial (A) filling of the left ventricle
were inverted in Hyal2 KO as compared to control mice (Figure 3.3), and resulted in a
significantly reduced E/A ratio in all Hyal2 KO mice compared to controls (Figure 3.4 A). In
the acutely affected Hyal2 KO mice, the E/A ratio was significantly lower by three months
than that in the chronic group of Hyal2 KO mice. Another measure of left ventricular
diastolic function, the isovolumetric relaxation time (IVRT) was significantly increased in all
Hyal2 KO mice at all time points (Figure 3.4 B). The reduced E/A ratio and prolonged IVRT
show there is an increased interval between mitral valve closure and aortic valve opening,
indicating severe diastolic dysfunction in both acute and chronic Hyal2 KO compared to
controls, although the acute Hyal2 KO mice were more severely affected at earlier ages.
To evaluate systolic function, the ejection fraction (EF) and fractional shortening (FS)
of acute and chronic groups of Hyal2 KO mice and controls were compared. No significant
difference was observed among the groups (Figure 3.4 C,D). Left ventricular (LV) corrected
mass was assessed to determine if hypertrophy detected by histological studies in Hyal2 KO
mice was present at the level of the whole heart [199]. Consistent with these earlier findings,
both acute and chronic groups of Hyal2 KO mice showed progressively increased LV mass
compared to control mice (Figure 3.4 E). In the first 12 wks, acute Hyal2 KO mice had
reduced LV mass compared to control and chronic Hyal2 KO mice (Figure 4.4 E).
Global cardiac function, represented by the myocardial performance index (MPI), was
impaired in all Hyal2 KO mice compared to control littermates, reflecting reduced overall
cardiac performance (Figure 3.4 F). Reduced cardiac output (CO) was also evident in the
acute Hyal2 KO mice compared to chronic Hyal2 KO mice and controls (Figure 3.4G).
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Together, our data suggests that severe diastolic dysfunction accompanied by reduced cardiac
output contributes to the development of heart failure in the acute group of Hyal2 KO mice
within the first 3 months of life. In the chronic group of Hyal2 KO mice, progressive diastolic
dysfunction without reduced CO, developed over time leading to heart failure at an average
age of 6 months.

Figure 3.3. E/A ratio in Hyal2 KO and control mice.
M-mode image of mitral early (E) and late atrial (A) flow was calculated to evaluate the E/A
ratio of Hyal2 KO and controls. Hyal2 KO (A) showed reduced E and increased A in
comparison to that of the control mouse (B).
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Figure 3.4. Cardiac function in Hyal2 KO and control mice.
Pulse wave Doppler images were used to measure E/A (A) and IVRT (B). (A-B) Acute and
chronic Hyal2 KO mice showed significant impairment at all ages compared to controls.
There was no significant difference between acute and chronic Hyal2 KO mice except at 4
wks where the IVRT of the acute group was significantly prolonged compared to the chronic
group. (C-D) M-mode images were used to measure systolic parameters including ejection
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fraction (EF) and fractional shortening (FS). No significant difference in the EF or FS was
found between Hyal2 KO and control mice, although the function was trending downward in
the acute Hyal2 KOmice at the last measurement before a humane end point was reached. (E)
Left ventricular (LV) mass. LV mass increased progressively in both the acute and chronic
groups of Hyal2 KO mice compared to controls. (F) The myocardial performance index
(MPI) was increased significantly at all ages in acute and chronic groups of Hyal2 KO mice
compared to controls. (G) Cardiac output (CO) in the most significantly impaired in the acute
group of Hyal2 KO mice compared to controls, although the chronic group of Hyal2 KO
mice also showed CO at most ages. *,† or # P<0.05; ** or †† P<0.001; ***, ††† or ###
P<0.0001, n=3 to 7 per group at all ages.

92

3.4.4

Cor triatrium in Hyal2 KO mice
Half of the Hyal2 KO (n=7 of 14) mice, including those with or without significant

atrial enlargement (acute and chronic), had cor triatrium (Figure 3.5 A,B). High-resolution
ultrasound revealed two septal walls in the middle of the enlarged left or right atrium of these
mice. Further, pulse wave Doppler imaging showed a turbulent blood flow through these
walls, suggesting that the orifice was central and that normal blood flow was impeded at the
orifice (data not shown). To further characterize the cor triatrium, histological analyses were
performed. Consistent with the ultrasound findings, valve-like structures were detected with
H & E staining in the middle of the atrium of Hyal2 KO mice that were absent in controls
(Figure 3.5 C-F). These valves stained strongly for HA (Figure 3.3 G), similar to normal
valves in other parts of the heart.
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Figure 3.5. Apical 4-chamber view of Hyal2 KO and control hearts.
High resolution (40 MHz) ultrasound was used to image the hearts at 4 wks of age. (A, B)
Images from a Hyal2 KO (A) and control (B) mouse show the presence of a dividing septum
(*) in the left atrium of the Hyal2 KO mouse that results in cor triatrium (green dashed line).
(C-D) Images of H & E stained transverse sections of Hyal2 KO (C) and control (D) atria
show the presence of valve-like tissue (black box) in the Hyal2 KO atrium but not in the
control atrium. (E-F) An enlarged view of the area in the box in C and D. A green dashed line
outlines the valve-like structure in the Hyal2 KO atrium. (G-H) Detection of HA in the atrium
of Hyal2 KO and control mice showed the strong HA staining in the valve-like structure in
the Hyal2 KO atrium that is absent in the control atrium. These images are representative of
3 pairs of mice that were studied. Scale bar = 50 µm.
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3.4.5

Increased tissue density in Hyal2 KO mice
To better understand the basis for the increased tissue density observed by ultrasound

imaging, we performed histological analyses on transverse sections of hearts from Hyal2 KO
and control mice. H & E staining revealed enlarged atria in all Hyal2 KO mice compared to
controls, consistent with the ultrasound findings (Figure 3.6 A-C, n=7 pairs). Further, in
hearts from the acutely affected Hyal2 KO mice, masses of tissue (*, potentially tumours)
were apparent in the atria that were absent in chronic Hyal2 KO and control mice (Figure 3.6
A, n=4 pairs). To determine if this abnormality was associated with HA accumulation, HABP
staining was performed. Abundant HA was evident in the atrium and ventricle of acute and
chronic groups of Hyal2 KO mice compared to controls (Figure 3.6 D-F). However, the
increased HA staining was only detected in the periphery of the tumour, and not in the central
region, which appeared to be comprised of cardiomyocytes (Figure 3.6 D, open arrow).
Additionally, HABP staining revealed excess valve like tissues in other regions of the heart
from both acute and chronic groups of Hyal2 KO mice in compared to controls (arrows in
Figure 3.6 E). Masson’s trichrome staining demonstrated fibrosis in the atrium and ventricle
of Hyal2 KO mice (acute and chronic, green arrows) compared to controls (Figure 3.6 G-I).
The excess fibrous tissues suggested there may be large numbers of fibroblasts
secreting ECM. To assess this, we used the mesenchymal marker, vimentin. Abundant
vimentin positive cells in the atrium and ventricles were detected. In a representative image
of the atrium, excess vimentin positive cells were obvious in the Hyal2 KO mice compared to
controls (Figure 3.6 J-L). Semi-quantitative analysis of vimentin positive cells in the atrium
showed increased numbers of mesenchymal cells in both acute and chronic groups of Hyal2
KO mice compared to controls (Figure 3.6 M), although the number of mesenchymal cells
was significantly higher in the acute compared to the chronic Hyal2 KO mice. Similarly,
mesenchymal cells in the ventricle region were also assessed and revealed abundant vimentin
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positive cells in the Hyal2 KO compared to controls (Figure 3.7). In this case, the number of
vimentin-positive mesenchymal cells was higher in the chronic Hyal2 KO mice than the
acute Hyal2 KO and control mice (Figure 3.7 M). Expression analysis in the adult heart
(including atrium and ventricle) revealed increased levels of vimentin in the Hyal2 KO mice
compared to controls, consistent with the immunohistochemistry results (Figure 3.6 N,O).
The increased number of mesenchymal cells, and the presence of abnormal heart structures
are consistent with a developmental defect in the Hyal2 KO mice.
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Figure 3.6. Histological analysis of Hyal2 KO and control hearts.
Transverse sections of hearts from Hyal2 KO (acute and chronic) and control mice were
compared for differences in morphology and structure. (A-C) Images of H & E stained
sections revealed an enlarged atrium (arrow) in both the acute (A) and chronic (B) groups of
Hyal2 KO mice compared to control mice (C). An * indicates an extra tissue mass in the
atrium of the acute Hyal2 KO mouse. (D-F) Images of HA distribution the Hyal2 KO and
control hearts. HA was detected as a brown precipitate using the HA binding protein. There
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is intense brown staining in several regions of the Hyal2 KO hearts (open arrows in D, E)
while the intense brown staining is limited to the valves in the control hearts (open arrow in
F). (G-I) Masson’s Trichrome staining of Hyal2 KO and control hearts. Masson’s trichrome
stains the ECM components collagen and elastin as blue and GAGs remain unstained. Excess
ECM indicating fibrosis (green arrows) is widespread in the Hyal2 KO hearts compared to
the control heart (I). (J-L) Detection of mesenchymal cells in Hyal2 KO and control hearts.
Anti-vimentin (brown) indicates the presence of mesenchymal cells. There are increased
numbers of vimentin positive cells in both the acute and chronic Hyal2 KO atria (J,K)
compared to the control atrium (L). (M) Semi-quantitative analysis of vimentin positive cells
in Hyal2 KO and control atria. Significantly increased numbers of vimentin-positive cells are
present in Hyal2 KO atria compared to control atria, and significantly more in the acute
Hyal2 KO than in control Hyal2 KO atria. (N,O) Vimentin protein levels in Hyal2 KO and
controls hearts (atrium and ventricle). (N) Western blot analysis showed increased
expression of vimentin in the Hyal2 KO heart compared to controls. (O) Quantification of
vimentin levels in N. The chemiluminescent images from western blot analysis of vimentin
from Hyal2 KO and control hearts (n=4) were quantified using a BioRad ChemiDoc. The
columns represent the average level of vimentin ± SEM (n=4). Significance was determined
using the student’s T test. Scale bar = 50 µm. The images in this figure are representative of
those from 7 pairs of Hyal2 KO and control mice.
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Figure 3.7. Histological analysis of the ventricle of Hyal2 KO and control hearts.
Transverse sections of hearts from Hyal2 KO (acute and chronic) and control mice were
stained for different cellular components. (A-C) H & E staining of the heart revealed fibrous
tissues in the ventricle region of the acute (A) and chronic (B) Hyal2 KO compared to
control mice (C). (D-F) Detection of HA in Hyal2 KO and control ventricles using the HA
binding protein. HA (brown) was abundant in the ventricle of the Hyal2 KO acute and
chronic groups (D-E) compared to the control (F). (G-I) Masson’s trichrome staining of the
ventricle of Hyal2 KO and control mice. The atrium of Hyal2 KO (G,H) show increased
collagen (light blue) and accumulation of GAGs (white) compared to controls (I). (J-L)
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Detection of mesenchymal cells in Hyal2 KO and control heart. Vimentin was detected using
anti-vimentin (ab45939) and detected as a brown colour. Increased numbers of vimentin
positive (brown color) cells are evident in the Hyal2 KO heart (J,K) compared to control (L).
Scale bar = 50 µm.
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3.4.6

Morphological analysis of embryonic heart in Hyal2 KO and control mice
To determine if the structural abnormalities in the adult heart of the Hyal2 KO mice

have developmental origins, we analysed Hyal2 KO and control hearts at E18.5, a point well
after the four chambered heart had formed. H&E staining revealed an enlarged atrium (arrow
in Figure 3.8 A) and the presence of fibrous tissues in the intraventricular septum, atrium and
ventricle in Hyal2 KO mice (open arrow in Figure 3.8 A, n=8) compared to controls (Figure
3.8 B, n=3). Further, detection of HA with the HABP confirmed the presence of excess HA
in the Hyal2 KO atrium compared to controls (Figure 3.8 C-D, n=3). To determine the type
of cells in the fibrous tissues in the embryonic heart, we used antibodies toward vimentin.
Abundant vimentin positive cells in the atria and ventricles demonstrated the presence of
excess mesenchymal cells in Hyal2 KO embryos compared to controls (Figure 3.8 E-F; n=3).

101

Figure 3.8. Histological analysis of Hyal2 KO and controls hearts at E18.5.
Paraffin sections from E18.5 embryos were either stained or used for immunohistochemistry.
(A-B) Images of H & E stained embryo sections revealed an enlarged atrium (left arrow) and
the presence of fibrosis (open arrow) in the Hyal2 KO heart (A) compared to the control (B)
heart. (Hyal2-/-, n=8; control, n=6). (C-D) Images showing HA (brown) in the atria, show
increased HA in the Hyal2 KO atrium (C) compared to the control atrium (D; n=3). (E-F)
Detection of vimentin positive cells (brown) revealed an excess in the Hyal2 KO atrium (E)
compared to the control (F; n=3). Scale bar = 50 µm.
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3.4.7

Abnormal EMT in Hyal2 KO mice
Previous ex vivo studies of mouse cardiac explant at E9.5 showed that high molecular

mass HA promoted EMT, and HA fragments inhibited EMT and activated the vascular
endothelial growth factor pathway [142]. To study this in vivo, we first analysed the
distribution of HYAL2 and HA in embryonic tissues of wild type mice at E8.5, 11.5 and
12.5. HYAL2 was detected primarily in the bulbus cordis (open arrow), endocardial cushion
and wall of the ventricular chamber (arrow) of the developing heart (Figure 3.9 B,E,H). To
verify the specificity of the HYAL2 signal, detection was performed on slides that had not
been incubated with the primary antibody (Figure 3.9 A,D,G). HA was found to be most
abundant in the E9.5 developing heart, and progressively decreased during development
(Figure 3.9 C,F,I). These findings are consistent with HYAL2 having a role in the
degradation of HA during cardiac development [142].
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Figure 3.9. HYAL2 and HA distribution in wild type embryos.
Sections of the embryonic heart at E8.5, 11.5 and 12.5 from a previous study were used for
the detection of HYAL2 and HA using histochemical approaches. (A) HYAL2 (brown) in the
wall of the bulbus cordis (open arrow) and endocardial lining of the truncal region (arrow) of
the E9.5 heart. (E) HYAL2 in the endocardial cushions (arrow) of the outflow tract and the
trabeculated wall of the ventricular chamber of the E11.5 heart. (H) HYAL2 in the
endocardial cushions and the aortic-pulmonary spiral septum at E12.5. (A,D,G) HYAL2 is
not detected in sections where no primary antibody was used. (C, F, I) HABP staining in the
heart shows a progressive decrease in HA with increasing embryo age.
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Examination of the hearts at E14.5 showed the presence of fibrous tissues and HA in
the intraventricular septum, atrium and ventricle in Hyal2 KO mice (n=3) compared to
controls (n=3) (Figure 3.10 A-D). Consistent with increased EMT in the Hyal2 KO heart,
there were increased numbers of vimentin-positive cells (Figure 3.10 C-D), and decreased
levels of VEGF (Figure 3.10 G-H). Therefore, our data suggest that disruption of normal HA
catabolism in the heart results in increased EMT.
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Figure 3.10. Histological analysis of Hyal2 KO and control hearts at E14.5.
(A-B) Images of H & E stained sections show excess tissue in the ventricle in Hyal2 KO (A)
compared to control (B) hearts. (C-D) Detection of HA (brown) showed increased HA in the
Hyal2 KO ventricle (C) compared to the control (D). (E-F) Vimentin-positive cells were
found to be more abundant in the Hyal2 KO heart compared to the control (F). (G-H) VEGF
(brown) appeared to be more abundant in the Hyal2 KO (G) than in control (H) heart. n=3,
Scale bar = 50 µm.
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3.5

Discussion
HA is an abundant component of the provisional matrix of the developing embryo [207].

Previously, the importance of HA in the developing heart was clearly demonstrated by the
early embryonic death of HAS2-deficient embryos [126]. Without HA, EMT in the cardiac
cushions of Has2-/- embryos was not supported to form the heart valves and septum. A failure
to degrade HA also resulted in cardiac abnormalities in Hyal2 KO mice [199]. Herein we
show that HYAL2 deficiency is associated with increased HA and mesenchymal cells,
presumably due to excess EMT. These mice exhibited abnormal heart structures including
cor triatriatum and atrial tumours. Fibrosis in the hearts of the Hyal2 KO mice was associated
with early diastolic dysfunction that progressed to heart failure with preserved ejection
fraction.
Normal heart development appears to require a regulated level of HA. Heart defects in
HYAL2-deficient mice suggest that increased HA during development poses a risk for
abnormal heart development. The embryonic lethality of HAS2-deficiency indicates that HA
is essential and too little HA also causes abnormal cardiac development [126]. In humans, a
single case of partial HAS2-deficiency, due to a Glu to Val substitution at position 499, was
associated with a ventricular septal defect [208]. Defects due to complete HAS2 deficiency
are likely not to be compatible with live birth. Whether complete HYAL2 deficiency might
also lead to lethality during development is unclear as a small proportion of Hyal2 KO mice
die at approximately E15.5. Although the cause of embryonic death in Hyal2 KO mice is
currently unknown, further studies are needed to determine whether cardiac abnormalities are
the cause.
The cardiac defects that we have identified in Hyal2 KO mice are uncommon. No other
molecular cause of cor triatriatum or atrial tumours have to our knowledge been described.
There are several other examples of excess EMT leading to valve thickening. For example in
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Noonan syndrome, mutations in PTPN11 encoding the protein tyrosine phosphatase SHP2,
leads to increased activation of the RAS/ERK pathway [209]. In mice deficient in EPHRINA1, aortic and mitral valves are thickened and there are increased numbers of mesenchymal
cells, consistent with increased EMT [210]. More studies are needed to understand how HA
accumulation and specifically HYAL2 deficiency impacts these pathways.
The studies herein focused on the characterization of the cardiovascular defect in Hyal2
KO mice, although craniofacial dysmorphism, and a missing kidney, also affect a proportion
of Hyal2 KO mice [199]. An important role for HA in the development of each of these
organs/tissues is suggested by these findings. Indeed, HA levels are elevated during
embryonic development in each of these tissues [207]. The early lethality of HAS2-deficient
embryos prevented determination of whether HA was required for the development of these
organs. However, it is possible that similar to the heart, excess EMT in these other tissues
leads to excess mesenchymal cells, and possibly a failure in normal differentiation, resulting
in abnormal organogenesis.
A specific role for hyaluronidase in organ development was first proposed by Bernanke
and Orkin, who reported that hyaluronidase activity was increased in the cardiac cushion and
muscles of the developing chick [141]. A role for hyaluronidase was also suggested by in
vitro studies by Rodgers et al., who showed that high molecular mass HA promoted EMT in
cardiac explants whereas low molecular mass HA inhibited EMT and promoted VEGF
expression [142]. Our studies provide in vivo evidence that HYAL2 is required for normal
cardiac development. The absence of HYAL2 results in the accumulation of high molecular
mass HA and excess mesenchymal (vimentin-positive) cells. Taken together, this suggests
that HYAL2 is normally required to remove HA to inhibit EMT and promote differentiation.
Several studies show that left ventricular hypertrophy [211], interstitial fibrosis [212],
and thickened valves [213] are the principal causes of diastolic dysfunction of the
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heart.Thickening of the heart valves and walls, as well as restricted blood flow and
regurgitation through the affected valves (data not shown) were present in all Hyal2 KO
mice. Together with abnormally placed valve tissues, these phenotypes are the probable cause
of diastolic dysfunction. Interestingly, these mice exhibited a preserved ejection fraction,
making it a model for heart failture with preserved ejection fraction [214]. In the acute group
of Hyal2 KO mice, the presence of abnormal “tumour-like” tissue in the atria also severely
impacted cardiac function, leading these mice to an earlier and more severe diastolic
dysfunction and eventually heart failure. In the chronic group of Hyal2 KO mice, the
increased fibrosis in the ventricles could be accentuated by compensatory changes for the
ongoing diastolic dysfunction in the heart. In both cases, the eventual outcome was cardiac
failure, although the 6 month end point prevented us from reaching heart failure requiring
euthanasia in some chronic Hyal2 KO mice.
In this and a previous study [199], Hyal2 KO mice clearly fell into two groups differing
in the severity of their heart phenotype. In the previous study, the acute group exhibited
severe atrial dilation leading to death at ~ 3.2 months of age while the chronic (non-acute)
group died at ~ 5.8 months of age [199]. In this current study, the acutely affected mice died
earlier than in our previous study, and death often occurred soon after an ultrasound
evaluation. Ultrasound evaluation revealed that atrial dilation, valve hypertrophy, and
diastolic dysfunction were already present at 4 wks of age. Although overall cardiac function
decreased until death, the structural parameters did not change significantly. The excess
tissue growth found in the hearts of the acute mice is consistent with the finding of increased
numbers of mesenchymal cells and extracellular matrix that results in the rapid onset of
diastolic dysfunction. Several studies have shown that the increased IVRT and atrial size
[215] are an indicator of left ventricular diastolic dysfunction, independent of atrial pressure
[216], heart failure [217] or heart rate [218] and in the presence of preserved systolic
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function. The basis for the differences in the severity of the phenotype in acute and chronic
groups of Hyal2 KO mice is probably due to a genetic determinant segregating in the outbred
background. Modifying genes that influence the severity of a cardiac phenotype are
extremely common [219] and future studies are required to determine the modifying genes
that are involved in the acute and chronic phenotypes of the Hyal2 KO mice.
The impact of interstitial fibrosis on cardiac function is seen in other disorders of
extracellular matrix molecules. Normally, the ECM provides support for the contractile
forces produced by the cardiac myocytes, and disruption of ECM homeostasis can result in
impaired force transmission causing dilation or hypertrophy. For example, in the ADAMTS 9
and 5 KO mice, accumulation of versican in the heart disrupts the ECM homeostasis and
cause cardiac disease pathology [179,220]. In addition, accumulation of glycosaminoglycans
in the heart valves resulted in valve thickening. This thickened valve changed the atrial and
ventricular volume overload and contributed to atrial dilation, ventricular hypertrophy and
ultimately diastolic dysfunction in many MPS [170].
These studies of the cardiac phenotype in Hyal2 KO mice clearly demonstrate an
important role for HYAL2 and HA degradation in heart development. The presence of
increased numbers of mesenchymal cells, and decreased VEGF expression in Hyal2 KO
embryos strongly suggests that HYAL2 is needed to inhibit EMT and that in its absence
excess EMT leads to congenital malformations. Further studies are needed to clearly
demonstrate the impact of HYAL2 deficiency on EMT and to determine whether it is the
presence of excess high molecular mass HA or the absence of low molecular mass HA that
results in the phenotypic changes.
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4.1

Abstract

Hyaluronidase 2 (HYAL2) is a membrane-anchored protein that is proposed to initiate the
degradation of hyaluronan (HA) in the extracellular matrix. The distribution of HYAL2 in
tissues, and of HA in tissues lacking HYAL2, is largely unexplored despite the importance of
HA metabolism in several disease processes. Herein we use immunoblot and histochemical
analyses to detect HYAL2 and HA in mouse tissues, as well as agarose gel electrophoresis to
examine the size of HA. HYAL2 was detected in all tissues that were examined, including
the brain. It was localized to the surface and cytoplasm of endothelial cells, as well as
specialized epithelial cells in several tissues, including the skin. Accumulated HA, often of
higher molecular mass than that in control tissues, was detected in tissues from Hyal2 KO
mice. The accumulating HA was located near to where HYAL2 is normally found, although
in some tissues, it was distant from the site of HYAL2 localization. Overall, HYAL2 was
highest in tissues that remove HA from the circulation (liver, lymph node and spleen), but the
levels of HA accumulation in Hyal2 KO mice were highest in tissues that catabolize locally
synthesized HA. Our results support HYAL2’s role as an extracellular enzyme that initiates
HA breakdown in somatic tissues. However, our findings also suggest that HYAL2
contributes to HA degradation through other routes, perhaps as a soluble or secreted form.
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4.2

Introduction
Hyaluronan (HA) is a non-sulfated GAG that is present in the ECM of most vertebrate

tissues, and particularly abundant in loose connective tissues such as the skin and synovial
fluid [19,221,222]. HA levels are increased during proliferative processes, including
development, wound healing and metastasis [121,223]. The size of HA is thought to be
important in regulating these processes; for example during development, high molecular
mass (HMM) HA (>1000 kDa) promotes EMT whereas low molecular mass (LMM) HA (~3100 kDa) inhibits EMT and promotes differentiation [142]. Hyaluronidases are considered to
be key regulators of HA size and abundance. In humans, six HYAL-related genes have been
identified; they form two tightly linked triplets on human chromosomes 3p21.3 (HYAL1,
HYAL2, HYAL3) and 7q31.3 (HYALP1, HYAL4, PH20) [43]. Of these, only HYAL1 and
HYAL2 are broadly expressed in somatic tissues [41] and encode products with demonstrated
HA-degrading activity [45,58]. With the exception of a single study where HYAL2 was
localized to lung epithelium [61], the distribution of the HYAL2 protein has not been
examined in tissues.
A model of HA catabolism has been proposed in which HYAL2 initiates the
extracellular degradation of HMM-HA into smaller fragments which are endocytosed and
degraded in lysosomes by HYAL1 and exoglycosidases [43]. Consistent with HYAL1’s role
in this model, its deficiency causes a lysosomal storage disorder called MPS IX, which is
characterized by lysosomal HA storage and joint abnormalities [46,52]. The proposed model
is further supported by the identification of HYAL2 as a membrane-localized
glycosylphosphatidylinositol (GPI)-linked protein [59] with weak activity toward HMM-HA
[58]. The accumulation of extracellular HMM-HA in the heart, lungs and serum of Hyal2 KO
mice also provided in vivo evidence for HYAL2’s proposed role in the initiation of HA
degradation [63,199].
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HA has a high rate of constitutive turnover, with ~1/3 of the 15 g of HA estimated to
be present in a 70 kg person turned over daily [224]. Approximately 30% of HA is degraded
“locally”, in the tissue where it was synthesized [19]. The remaining HA enters the
circulation, where 50 to 90% is removed by the lymphatic system, and the residual
approximately10% of HA enters the blood and is removed primarily by the liver and spleen
[35,36]. The rate of HA degradation is tissue dependent; for example, turnover is slow in
avascular tissues such as heart valves and cartilage [225] whereas turnover is rapid in the skin
[226]. Uptake is receptor dependent, and may involve several cell surface receptor proteins
including CD44, LYVE-1, and HARE which bind with HA and promote endocytosis
[114,227,228]. Interestingly, only Hare KO mice have elevated levels of serum HA [229],
indicating HARE played a key role in the uptake of circulating HA. Elevated HA in the
valves, lungs, and serum of Hyal2 KO mice [199] suggested a role for HYAL2 in the
turnover of both locally synthesized and circulating HA.
We have examined the distribution and localization of HYAL2 in a broad range of
mouse tissues involved in both local and circulating HA degradation. HYAL2 was detected in
all tissues examined, including the brain. It was primarily localized to the surface and
cytoplasm of endothelial cells as well as specialized epithelial cells in some tissues. In the
absence of HYAL2, accumulating HMM-HA was clearly evident in all mouse tissues,
although the extent of accumulation varied.
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4.3

Materials and Methods

4.3.1

Experimental animals
Mice with a Hyal2 null allele were generated in a previous study by removing exons

2-4 of Hyal2 [63]. For this study, Hyal2+/- mice on an outbred (C129/Ola;CD1;C57BL6)
background [199] were intercrossed to generate Hyal2 KO and control (Hyal2+/+ or Hyal2+/-)
mice. Mouse genotypes were determined by PCR amplification as described previously
[199]. Mice were euthanized by isoflurane inhalation and immediately dissected. A wide
range of tissues (lymph node, liver, spleen, femur, kidney, heart, lung, muscle, skin, brain,
small intestine, ovary, and testes) from Hyal2 KO, as well as age and sex matched control
mice, were collected. Mouse embryonic fibroblasts (MEFs) were generated from Hyal2+/+
and Hyal2 KO embryos collected from timed-pregnant female mice following previously
described methods [54]. All animal procedures were conducted in compliance with the
Canadian Council on Animal Care guidelines and approved by University of Manitoba
Animal Care Committee.
Tissues were fixed overnight in 10% buffered formalin containing 1%
hexadecylpyridinium chloride (CPC), or immediately frozen at -80oC. Fixed tissues were
decalcified for 7 days in Immunocal (Decal Chemical Corp) where appropriate, and
embedded in paraffin. Sections (5 µm) were prepared for histological analysis.

4.3.2

Immunodetection of HYAL2
HYAL2 was detected by immunoblot analysis as described previously [54]. Mouse

tissue or cell extracts were prepared by brief sonication in PBS containing protease inhibitors
(Sigma) and 30 µg of protein lysate was separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) on 7.5% gels. HYAL2 was detected by overnight
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incubation at 4oC with an anti-HYAL2 (rabbit polyclonal ab60608 (Abcam) 1/1,000)
antibody. Immune complexes were detected with horseradish peroxidase (HRP)-conjugated
secondary antibody (donkey anti-rabbit (Jackson Labs); 1/15,000), followed by incubation
with a chemiluminescent substrate for HRP (Millipore).

4.3.3

Immunohistochemistry and immunofluorescence
Tissue sections were deparaffinized in xylene and rehydrated with graded alcohols.

Antigen retrieval was performed by incubation in 10 mM sodium citrate pH 6 for 20 min at
95oC. Sections were treated for 10 min with 3% hydrogen peroxide, followed by 1 h blocking
with 3% bovine serum albumin in TBST. Endogenous biotin in tissues was blocked with an
Avidin-Biotin blocking kit as recommended by the manufacturer (Vector Labs). Sections
were then incubated overnight with anti-HYAL2 (1:200) or anti-CD31 (1: 50; AbD Serotec)
antibody. Primary complexes were detected with biotinylated goat anti-rabbit (1:500; Vector
laboratories) or goat anti-rat (1:1000; Invitrogen) antibodies. After a 1 h incubation using an
ABC kit (Vector laboratories) to amplify the signal, complexes were detected using either
DAB or NovaRed peroxidase (Vector Laboratories) substrates. Counterstaining was for 2.5
min with either hematoxylin or Nuclear Fast Red (ScyTek Laboratories). For
immunofluorescence, primary complexes were detected using a Cy3-conjugated anti-rabbit
secondary antibody. Slides were dehydrated, mounted and visualised using bright field or
fluorescence microscopy.
HA was detected in tissue sections using HA binding protein (HABP) staining as
described previously [199]. To monitor the specificity of the HABP, sections were treated
overnight in sodium acetate (pH 6.0) containing 500 U/ml of hyaluronidase from
Streptomyces hyalurolyticus (Sigma).
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4.3.4

Analysis of HA size and abundance
Total GAGs were isolated from equal dry weights of Hyal2+/+ or Hyal2 KO frozen

tissues by digestion with proteinase K, followed by treatment with DNase 1 and RNase A as
previously described [199]. The samples were extracted with 3 volumes of acetone and stored
at -20oC for 2 h. Precipitates were collected by centrifugation, resuspended in water, and
reprecipitated with 3 volumes of 100% ethanol at -20oC. The pellet was again collected by
centrifugation, resuspended in water and precipitated with 2% CPC (1:1 volume). For sizing,
GAGs were then precipitated with ethanol and the pellet was dissolved in 15 μl of water.
Samples were separated on 0.8% agarose gels, and stained with 0.005% stains-all overnight
at room temperature. Gels were de-stained with 10% ethanol and visualized using the
ChemidocTM imaging system (Bio-Rad). The size of the HA was determined using the 1 Kb
DNA ladder (Invitrogen) as a molecular mass marker. For quantification, the GAGs were
analyzed by FACE as described previously [95,199].
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4.4

Results

4.4.1

HYAL2 expression in mouse tissues
As a first step in examining the distribution of the HYAL2 protein in a broad range of

adult mouse tissues, we performed immunoblot analysis. Protein lysates were analysed from
tissues that contain abundant HA in the extracellular matrix (brain, heart, kidney, lung
muscle, testes, ovary and skin) as well as the lymph nodes, liver and spleen which were
known from previous studies to be involved in the uptake and degradation of circulating HA
[35,36]. To verify the specificity of the detected bands, the signals obtained from wild type
(Hyal2+/+) tissues were compared to those obtained from mice lacking HYAL2 (Hyal2 KO).
A signal at ~57 kDa, similar to the 60 kDa previously observed in mouse tissues [58], was
detected in all Hyal2+/+ tissues, and absent in the Hyal2 KO tissues (Figure 4.1 A, B). This
size is larger than the 53.6 kDa predicted from its amino acid sequence (NP_034619.2
calculated using http://web.expasy.org/compute_pi/), presumably due to glycosylation.
Additional bands detected in some tissues were unrelated to HYAL2 as they were present in
both Hyal2 KO and Hyal2+/+ tissues. These results demonstrated that HYAL2 is ubiquitously
expressed in adult mouse tissues, with the lowest levels found in the brain and muscle (Figure
4.1 A) and the highest levels found in tissues responsible for circulating HA catabolism
(Figure 4.1 B).
The levels of HYAL2 in embryonic development were analyzed in MEFs derived
from Hyal2+/+ and Hyal2 KO embryos. Abundant HYAL2 was detected in Hyal2+/+ but not
Hyal2 KO fibroblasts (Figure 4.1 C).
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Figure 4.1. Immunoblot analysis of HYAL2 in mouse tissues.
Cell lysates (30 µg protein) prepared from Hyal2+/+ and Hyal2 KO tissues or MEFs were
separated by SDS-PAGE, transferred to nitrocellulose and detected with ani-HYAL2. (A)
Tissues involved in local HA degradation, (B) Tissues involved in circulating HA
degradation, and (C) MEFs. Boxes surround HYAL2 which is absent in Hyal2 KO tissues.
Cross-reacting bands are identified by their presence in both Hyal2 KO and Hyal2+/+ tissues.
Molecular mass markers are shown to the left of the gels in kDa.
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4.4.2

Distribution of HYAL2 in mouse tissues
To investigate how HYAL2 was distributed within mouse tissues and organs, we

performed immunohistochemistry on many of the tissues demonstrated by immunoblot to
express HYAL2, as well as bone marrow and small intestine. Bone marrow has previously
been shown to be involved in circulating HA catabolism [35], and small intestine was
included because of the high level of endogenous HA in this tissue [230]. As in the
immunoblots, tissues from Hyal2 KO mice served as a negative control to identify any signals
that were not HYAL2-related. Overall, the HYAL2 protein was detected in either
endothelium or specialised cuboidal epithelium (Table 4.1).
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Table 4.1. Tissue distribution of mouse HYAL2 in the wild type tissues
Tissue

Distribution pattern

Liver

Strong signal in hepatic sinusoidal endothelial cells

Spleen

Red pulp and marginal sinus endothelium, no signal found in white
pulp sinus

Lymph node

lymphatic vessels endothelium and sinusoidal endothelium of cortical,
medullary and subcapsular sinus

Bone marrow

Endothelial cells of bone marrow sinusoids

Heart

Endothelial cells of heart valves, blood vessels and endocardium

Lung

Endothelial cells of blood vessels, epithelial cells of the alveoli

Kidney

Single layer of epithelial cells in renal tubules, absent in cortex and
renal papilla

Muscle

Endothelial cells of blood vessels

Small intestine

Endothelial cells of blood vessels and epithelial cells of the intestinal
crypt

Skin

Epithelial cells of the sebaceous gland and endothelial of blood vessels
in connective tissue

Brain

Ependymal/epithelial cells of the choroid plexus
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Oviduct

Endothelium of blood vessels in muscularis and ciliated epithelial cells
of the oviduct
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HYAL2 distribution in tissues involved in circulating HA degradation
HYAL2 was found to be highly expressed in the major organs involved in circulating
HA degradation, the lymph node, spleen, and liver (Figure 4.2 A-F), and weakly expressed in
the bone marrow (Figure 4.2 G, H). In the lymph node and spleen, HYAL2 was found in
endothelial cells lining the sinuses of the cortical, subcapsular and medullary sinuses of the
lymph node (Figure 4.2 B), and the sinusoidal endothelium of the red pulp and marginal
sinus of the spleen (Figure 4.2 D). No signal was detected in the white pulp of the spleen
(not shown). In the liver, HYAL2 was strongly expressed in endothelial cells lining the
hepatic sinus and blood vessels (Figure 4.2 F). HYAL2 was also detected in the endothelial
cells of bone marrow sinusoids (Figure 4.2 H). HYAL2 was not detected in equivalent
regions of the various tissues from Hyal2 KO mice (Figure 4.2 A, C, E, G), demonstrating the
specificity of the antibody for HYAL2. Consistent with HYAL2 being primarily localized to
endothelial cells in these tissues, a similar pattern was detected using the endothelial cell
marker CD31 (Figure 4.2 I-L).
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Figure 4.2. HYAL2 distribution in organs involved in circulating HA degradation.
HYAL2 and CD31 were detected in paraffin sections of tissues from Hyal2+/+ mice using
anti-HYAL2 or anti-CD31, respectively, followed be a biotinylated secondary antibody. The
complexes were detected with DAB, resulting in positive signals that are brown. Positive
staining in the sinusoidal endothelial cells is indicated by arrows in panels B, D, F, and H. As
expected, no signal was detected in the Hyal2 KO tissues in panels A, C, E, G. CD31 was
used as a marker of endothelial cells (open head arrows in I, J, K and L) to verify its similar
distribution to HYAL2. These sections are representative images chosen from the analysis of
tissues from three (lymph node, liver, bone marrow) or four (spleen) pairs of mice. Scale bars
represent 50 µm.
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HYAL2 distribution in tissues involved in local HA degradation
The distribution of HYAL2 was examined in organs and tissues with abundant
endogenous HA including heart, lung, kidney, muscle, skin, brain, small intestine, and
ovary/oviduct (Figure 4.3). HYAL2 was localized to endothelium lining the blood vessels in
all of these tissues (Figure 4.3) as well as to the endothelium lining the heart valves (Figure
4.3 B). HYAL2 was also detected in epithelial cells lining the alveoli of the lungs (Figure 4.3
D), cuboidal epithelial cells of the renal collecting tubules (Figure 4.3 F), the surface of
secretory epithelial cells of the sebaceous glands of the skin and surrounding secretory
vesicles within the cytoplasm of these cells (Figure 4.3 J). In the brain, HYAL2 was detected
on the outer surface, and in the cytoplasm of ciliated cuboidal epithelial cells making up the
choroid plexus (Figure 4.3 L). HYAL2 was detected on the surface and surrounding
secretory vesicles in the cytoplasm of epithelial cells of the intestinal crypt (Figure 4.3 N),
and in the ciliated epithelium of the oviduct (Figure 4.3 P). The specificity of our detection
for HYAL2 was verified by comparing the signals to that obtained in equivalent regions of
tissues collected from Hyal2 KO mice that had been treated in the same way (Figure 4.4).
Our results show that HYAL2 is expressed in both endothelial and specialized epithelial cells
from a broad range of tissues.
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Figure 4.3. HYAL2 distribution in organs/tissues involved in local HA degradation.
HYAL2 was detected in paraffin sections of tissues from Hyal2+/+ mice as described in
Figure 2. Tissue sections from Hyal2 KO mice that have been treated similarly are shown in
Figure 5.4. Arrows indicate positive staining for HYAL2 in the endothelial cells of blood
vessels of the heart (A), lung (C), kidney (E) and muscle (G, H), skin (I), brain (K), small
intestine (M) and oviduct (O). Arrows also indicate positive staining for HYAL2 in the
endothelial cells of heart valves (B), epithelial cells lining alveoli in the lungs (D), cuboidal
epithelia lining the collecting ducts of the kidney (F), secretory epithelia of sebaceous glands
of the skin (J), ependymal cells of the brain (L), epithelial cells of the intestinal crypt (N), and
ciliated epithelial cells of the oviduct (P). Open arrows indicate the cuboidal epithelium that
contains vesicles surrounded by HYAL2. These images are representative of those from 3-5
pairs of Hyal2 KO and Hyal2+/+ mice for each tissue. Scale bars represent 50 µm.
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Figure 4.4. Absence of HYAL2 in the Hyal2 KO organs/tissues.
Paraffin sections of heart (A), lung (B), kidney (C), muscle (D), skin (E), brain (F), small
intestine (G) and oviduct (H) were treated as wild type tissues using anti-HYAL2. As
expected, no signal is detected in the Hyal2 KO organ/tissues indicating the antibody is
specific for HYAL2.
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In the cells of most tissues, HYAL2 appeared to be localized to both the cell surface
and cytoplasm as illustrated in this fluorescent image of HYAL2 in lung epithelia and
endothelium (Figure 4.5), spleen and lymph node endothelium (Figure 4.6).

Figure 4.5. Subcellular localization of HYAL2 in the lung.
HYAL2 was detected in paraffin sections from Hyal2+/+ and Hyal2 KO mice using antiHYAL2 followed by a Cy3-conjugated anti-rabbit antibody (Sigma). HYAL2 was detected in
both the cytoplasm, and on the surface of endothelial cells (arrow) and on the surface (openheaded arrow) and in the cytoplasm (asterisk) of epithelial cells of the blood vessels in the
lungs. Note the presence of red blood cells in the lumen of the vessel which clearly identifies
it as a blood vessel. Scale bars represent 50 µm.
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Figure 4.6. Subcellular localization of HYAL2 in the spleen and lymphnode.
HYAL2 was detected in paraffin sections from Hyal2+/- and Hyal2 KO mice using antiHYAL2 followed by a Cy3-conjugated anti-rabbit antibody (Sigma). HYAL2 was detected
on the surface of endothelial cells of spleen and lymphnode (red). As expected no signal was
detected in the KO tissues. Scale bars represent 50 µm.
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4.4.3

Distribution of HA in Hyal2+/+ and Hyal2 KO tissues
In order to determine how the absence of HYAL2 impacted the levels and distribution

of HA in mouse tissues, we detected HA using the HABP. In general, more HA was detected
in Hyal2 KO tissues than in controls (Figures 4.7- 4.8), although the level of HA
accumulation was found to be tissue-specific. To confirm the specificity of the HABP for HA
detection, the level of HA was always compared to slides from similar regions that had been
pre-treated with Streptomyces hyalurolyticas, which would be expected to degrade most of
the HA in tissues (Figure 4.9).
Accumulation of HA in Hyal2 KO tissues involved in circulating HA degradation
HA was detected around the sinusoidal cells of the lymph node, liver and spleen,
where HYAL2 is normally expressed (Figure 4.7 A-F). The level of HA was clearly more
abundant in the lymph node of the Hyal2 KO mice, where it accumulated in the cortical and
subcellular sinus (Figure 4.7 A, B). No HA was detected in the medulla of Hyal2 KO or
Hyal2+/+ lymph nodes (not shown). In the spleen, HA was found in medullary sinus of Hyal2
KO mice, but not controls (Figure 4.7 C, D). A very small increase in HA was detected
around the sinusoidal endothelial cells of Hyal2 KO liver compared to controls (Figure 4.7 E,
F). It is worthy to note that HA was not detected in the bone marrow of either Hyal2 KO or
control mice (Figure 4.7 G, H).
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Figure 4.7. Detection of HA in tissues responsible for circulating HA degradation.
HA was detected in paraffin sections of Hyal2+/+ and Hyal2 KO mice using a biotinconjugated form of the HABP. Detection of the signal was with the HRP substrate, DAB,
resulting in a brown staining. An increase in HA staining was detected in the sinusoids of the
lymph node (A), spleen (C) and liver (E) of Hyal2 KO mice compared to controls (B, D, F).
No HA was detected in the bone marrow (G, H). These images are representative of those
from 3-4 pairs of Hyal2+/+ and Hyal2 KO mice. Scale bars represent 50 µm.

131

Accumulation of HA in Hyal2 KO tissues with abundant endogenous HA
Extracellular accumulation of HA was clearly evident in Hyal2 KO tissues that are
involved in local HA degradation (Figure 4.8). HA was abundant in the normal heart valves
of Hyal2+/+ mice (Figure 4.8 B), as well as throughout the grossly expanded valves of Hyal2
KO mice (Figure 4.8 A). The level of HA detected in the alveolar sacs of the lungs was also
much higher in Hyal2 KO than Hyal2+/+ mice (Figure 4.8 C, D). In the kidney, increased HA
was detected only in the renal medulla of Hyal2 KO mice, and was localized to the
interstitium (Figure 4.8 E, F). There was only a small increase in the level of HA in the
interstitial space of Hyal2 KO muscle cells compared to controls (Figure 4.8 G, H). HA
levels were clearly elevated in the connective tissue of skin, brain, small intestine, and
oviduct (Figure 4.8 I, K, M, O) of Hyal2 KO mice compared to controls. Although HA was
accumulating to a greater extent in Hyal2 KO tissues involved in local HA degradation than
that those involved in circulating HA degradation, the accumulating HA was not restricted to
the location of HYAL2. In skin HYAL2 was most abundant in the sebaceous glands of the
skin, yet no HA accumulated in the sebaceous glands but did accumulate in the connective
tissue outside of the gland. In the heart valve, HYAL2 is expressed on the endothelial surface,
but HA accumulated throughout the valve. Similarly, in the brain, HA accumulation was
evident throughout the brain although HYAL2 was only detected in the choroid plexus and
blood vessels.
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Figure 4.8. Detection of HA in tissues involved in local HA degradation.
HA (brown) was detected in paraffin sections of Hyal2+/+ and Hyal2 KO mice as described in
Figure 5. HA was abundant in Hyal2 KO (A) and Hyal2+/+ (B) heart valves, although the
heart valves of the Hyal2 KO mice were clearly thickened. The intensity of the HA staining
in Hyal2 KO mice was also increased in the alveolar sacs (C), renal medulla (E) and
connective tissue of the muscle (G) skin (I), brain (K), small intestine (M), and oviduct (O)
compared to controls (D, F, H, J, L, N, P). These images are representative of those from 3-5
pairs of Hyal2+/+ and Hyal2 KO mice. Scale bars represent 50 µm.
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Figure 4.9. Experimental controls for HABP detection.
Paraffin sections of selected tissues including lymph node (A, B), muscle (C, D), skin (E, F)
and oviduct (G, H) of Hyal2 KO and Hyal2+/+ were treated with 500 U/ml Streptomyces
hyalurolyticus (Sigma) prior to incubation with biotinylated HABP. The absence of a signal
(brown) for HA in the tissues after treatment with hyaluronidase indicates the HABP
specifically detects HA in the Hyal2 KO and Hyal2+/+ organ/tissues.
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4.4.4

Analysis of HA size in tissues from Hyal2 KO and Hyal2+/+ mice
For the evaluation of the size of accumulating HA in tissues, GAGs were purified

from the lymph node, liver, spleen, brain, heart, lung, kidney, muscle, and skin of Hyal2 KO
and Hyal2+/+ mice, and separated on low percentage agarose gels. HA was detected as a dark
staining material that was removed by hyaluronidase digestion (Figure 4.9). Consistent with
the histochemical-based detection of HA, the levels of HA were clearly elevated in all but the
muscle of Hyal2 KO tissues (Figure 4.10). In the tissues responsible for circulating HA
degradation, the levels were clearly more elevated in the lymph node, consistent with the
histochemical detection of HA (Figure 4.10 A). The levels of accumulation in Hyal2 KO
mice were much higher in tissues involved in local HA degradation, most notably the brain,
heart, lung and skin (Figure 4.10 B). The size of the accumulated HA was also higher in
Hyal2 KO tissues in general (Figure 4.10), but this was most notable for the lymph node,
heart, and skin where the level of accumulation appeared to be highest (Figure 4.10 A, B). In
order to verify the increased HA observed by both IHC and agarose gel electrophoresis,
quantitative studies using FACE were undertaken on a subset of Hyal2 KO and control
tissues. The levels of HA were significantly elevated in the three tissues that were examined,
heart, kidney and lung (Figure 4.11).

135

Figure 4.10. Analysis of HA size in Hyal2 KO and Hyal2+/+ mouse tissues.
Total GAGs from equal weights of Hyal2+/+ and Hyal2 KO tissues were isolated and
analyzed by agarose gel electrophoresis followed by detection with Stains-all. The size of
DNA or HA standards in kDa are shown to the left of each gel. The dark-staining material,
spanning the region indicated by the bars to the right of images is HA. (A) HA in tissues
involved in circulating HA degradation, and (B) HA in tissues involved in local HA
degradation. To determine/verify which components of the dark-staining material isolated
from Hyal2+/+ or Hyal2 KO tissues were HA, GAGs isolated from the heart were separated
with no treatment (-) or after treatment (+) with Streptomyces hyaluronidase. (C)
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Experimental control for differentiation of HA and other GAGs. The bands that were not
digested at the bottom of the gel are likely to correspond to GAGs other than HA.

Figure 4.11. Quantification of HA in Hyal2+/+ and Hyal2 KO tissues.
The HA present in GAGS isolated from equal weights of heart (1), kidney (2) and lung (3)
tissue were analysed by FACE. The graphed values represent the average amount of HA in
the tissue, and the error bars represent SEM (n=3). The level of HA was significantly
elevated in all Hyal2 KO tissues (* p<0.05; ***p< 0.0001). Significance was evaluated using
the student t-test.
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4.5

Discussion
This study provides the first description of the distribution and localization of the

HYAL2 protein within a broad range of tissues, and demonstrates an important role for
HYAL2 in somatic cell degradation of HA. HYAL2 was detected in the endothelial cells
lining blood vessels in all organs or tissues that were examined, although the level of
expression was variable. In addition, HYAL2 was found in specialized epithelia of the lung,
kidney, skin, brain, small intestine and oviduct. To gain a better understanding of how
HYAL2 functions in these tissues, the levels of HA were also examined in tissues from Hyal2
KO mice. HA levels were increased in almost all organs/tissues of Hyal2 KO mice, although
the levels of accumulation were much higher in those tissues responsible for local HA
degradation than those responsible for circulating HA degradation (lymph node, liver, spleen
and bone marrow). The size of the accumulating HA was also increased in some Hyal2 KO
tissues, supporting a role for HYAL2 in the cleavage of HMM-HA.
HYAL2’s contribution to HA degradation has been controversial. Although initially
identified as an acid-active hyaluronidase with weak activity toward HMM-HA [58], HYAL2
was later found to be a GPI-anchored membrane protein that functioned as a receptor for the
jaagsiekte sheep retrovirus which is the cause of a form of lung cancer in sheep [60]. Since its
initial characterization, most in vitro studies have failed to demonstrate HA-degrading
activity associated with HYAL2. However, overexpression of HYAL2 in cultured cells
increased the breakdown of exogenously added HA [55], reduced the thickness of the
pericellular coat [69], and decreased the level of extracellular HMM-HA [85]. Further, a
deficiency of HYAL2 in mice resulted in the accumulation of HA in the blood, heart, and
lungs [63,199]. Our demonstration in the current study of broadly accumulating,
extracellular, HMM-HA in Hyal2 KO mouse tissues provides strong evidence that HYAL2
contributes directly to HA degradation.
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The broad expression, cell surface localization, and weak hyaluronidase activity
associated with HYAL2 formed the basis of a proposed model for HA degradation in which
HYAL2 initiates the breakdown of extracellular HA in somatic tissues to produce fragments
that are internalized via a receptor [43]. The HA receptor was proposed to be CD44 as
HYAL2 has been demonstrated to interact with CD44 [55,66,69], as well as with the Na+-H+
exchanger NHE1 in one study [67]. NHE1 was proposed to acidify the local environment to
allow HYAL2 to function. The resulting fragments were proposed to be internalized and
further degraded in the lysosome through the action of HYAL1 and the exoglycosidases βhexosaminidase and β-glucuronidase [95]. We have now proposed a revised model which
incorporates some of the findings in this and other studies, as outlined in more detail below.
Our revised model (Figure 4.12) incorporates both the cell surface and intracellular
localization of HYAL2 that we found in a number of different cell types within the tissues of
mice. Notably, we observed that HYAL2 surrounded secretory vesicles in the sebaceous
glands of skin and epithelial cells of the intestinal crypt, consistent with its regulated secreted
to the cell surface. Others have also identified HYAL2 as an intracellular [180] and cell
surface [59,60,66,69] protein. In addition, HYAL2 was recently shown to be translocated to
the membrane surface upon platelet activation [62]. Although it is possible that some of the
HYAL2 detected in the cytoplasm is in transit to the membrane, it is clear that the trafficking
of HYAL2 is more complex than originally envisioned.
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Figure 4.12. Proposed model of HA degradation.
HA degradation occurs through more than one pathway, each indicated by a different
number, 1-4, in this model. In pathway 1, cell surface HYAL2 initiates the hydrolysis of HA
in partnership with a receptor, possibly CD44. NHE1 acidifies the local region to allow
HYAL2 cleavage. The resulting HA fragments are endocytosed and transported to the
lysosome (Lys) where they are degraded through the action of the endoglycosidase HYAL1
and the exoglycosidases, β-hexosaminidase (HEX) and β-glucuronidase (GLUC). In
pathway 2, secretory vesicles (SV) within specialized epithelial cells are surrounded by
HYAL2. Upon secretion, these vesicles will degrade extracellular HA. In pathway 3, cell
surface HYAL2 is shed from the surface or released through by a lipase or protease to form a
soluble form of HYAL2. This enzyme can enter the blood stream or diffuse from the surface
to degrade HA distal from the site of HYAL2 expression. In pathway 4, HA is internalized by
a non-HYAL2 dependent route and transported to the lysosome for degradation.
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The studies herein show that accumulating extracellular HA in many Hyal2 KO tissues is in
close proximity to the endothelial surface where HYAL2 is expressed in Hyal2+/+ tissues.
However, accumulated HA was also present in regions of tissues distant from where HYAL2
is detected in Hyal2+/+ tissues. For example, HA accumulated in the connective tissue of the
skin of Hyal2 KO mice, but not in the sebaceous glands where HYAL2 is most highly
expressed in Hyal2+/+ skin. Thus, HYAL2 must be able to access HA distal to where it is
detected. This may be through the secretion of HYAL2 or the cleavage of HYAL2 from its
GPI anchor as depicted in our model (Figure 4.12). A recent study of HYAL2 in
chondrocytes demonstrated a soluble form of HYAL2 [66]. It is possible that HYAL2 is
normally present in the region of HA accumulation, but is not detected. Many GPI-anchored
proteins change structure after removal of their anchor and are no longer detectable with the
same antibody [231]. Clearly, additional studies are needed to determine if HYAL2
resembles PH-20, the sperm hyaluronidase which has functional membrane-anchored and
soluble forms [232], or if there are other explanations for the accumulation of HA distal to
the site of HYAL2 expression.
The increased size of the accumulating HA in several tissues of Hyal2 KO mice
provides strong evidence that HYAL2 is actively involved in the degradation of HA.
HYAL2’s preference for HMM-HA was demonstrated in previous studies [58,66], and
supported by our studies. In this study, the increased size of HA was most remarkable in the
skin and heart where the levels of endogenous HMM-HA are high in Hyal2+/+ tissues. The
basis of this specificity for HMM-HA is not clear although it is possible that it somehow
relates to the structure or binding proteins associated with the HA. It is interesting that
HYAL2 was previously demonstrated to cleave HA cables which are rich in the HA-binding
protein inter-alpha-trypsin inhibitor [233].
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Overall, the extent of HA accumulation in Hyal2 KO tissues was directly correlated
with the level of endogenous HA within the extracellular matrix of these tissues. The marked
accumulation of HA in the skin, lung, heart valve, and small intestine where endogenous HA
levels are very high indicates that HYAL2 has an important role in local degradation of HA.
We found that HA accumulation in Hyal2 KO mice was greater in tissues responsible for
local HA degradation such as the skin and heart valves, than in organs (lymph nodes and
liver) responsible for circulating HA clearance. Consistent with these findings, recent studies
in the mouse of in vivo uptake of injected HA indicated that the majority of HA catabolism
occurs locally [234]. This indicates a role for HYAL2 in the catabolism of locally
synthesized HA.
Although the highest levels of accumulating HA were in tissues where local
degradation takes place, the highest levels of HYAL2 protein were detected in the tissues that
play a key role in the clearance of circulating HA, the sinusoidal endothelium of the lymph
node, liver and spleen. Among these tissues, the levels of accumulating HA were highest in
the lymph nodes of Hyal2 KO mice, suggesting the HYAL2 contributes significantly to HA
degradation in this tissue. Indeed, HA exiting the lymph nodes was previously shown to have
a smaller average size than that entering the lymph nodes [235] suggesting partial
degradation between entry and exit of the lymph node, possibly due to HYAL2. We noted
that the distribution of HYAL2 resembled that of HARE [116] which has been identified as
the major receptor in the clearance of circulating HA [236]. It is interesting that increased
levels of circulating HA are only found in mice deficient in HYAL2 or HARE, and not in
mice deficient in the other HA receptors, including the combined deficiency of LYVE-1 and
CD44 [113]. These findings suggest an important role for both HARE and HYAL2 in the
clearance of circulating HA although a direct interaction between these proteins has not been
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reported. It is possible that HYAL2 must degrade HMM-HA before it can be internalized,
therefore leading to the accumulation of HA in the circulation and lymph node tissues.
Although the levels of HA accumulation in Hyal2 KO mice were significant, they
were not as high as one would expect from HA’s broad distribution and rapid turnover rate
(estimated at 5 g per day in an adult human). Additional mechanisms of clearance for
circulating and locally catabolized HA that are independent of HYAL2 must exist (Figure
4.12). One possible route of degradation is via KIAA1199 which binds HA and promotes its
uptake/degradation in skin [92]. It is possible that HYAL2’s activity is regulated and that it
only contributes to HA turnover under specific conditions such as during development or
wound healing, or if the HA is assembled with specific binding proteins.
Human HYAL2 mRNA and mouse HYAL2 protein were shown in previous studies to
be highly expressed in most tissues, but absent in the brain [41,58]. In our study, we
demonstrated low, but readily detectable expression of HYAL2 in the adult mouse brain and
localized it to epithelial cells of the choroid plexus, known as ependymal cells. The choroid
plexus lines the fluid filled cavities of the brain and is responsible for producing and cleaning
the cerebrospinal fluid. This would be consistent with HYAL2 having a role in the
degradation of HA in the cerebral final fluid. Interestingly, the HARE receptor, which is
involved in the internalization of circulating HA, is also expressed in the ependymal cells of
the choroid plexus [116].
The molecular characteristics of HA influence the nature of the ECM and are
important for many cellular processes such as cell proliferation, migration and differentiation
[121]. This is evident during development as HA regulates the development of several
organs, including the heart [126], limb [129], kidney [130], ear [131], palate [132] and neural
tube [133]. The physiological and biological properties of HA are size dependent. For
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example, HMM-HA is responsible for the formation of heart chambers and epithelial to
mesenchymal transition (EMT) of the cardiac cushion whereas LMM HA is thought to be
important in partitioning the heart chambers by attenuating EMT through a vascular
endothelial growth factor (VEGF) mediated pathway [142]. Accumulation of more HA in
Hyal2 KO heart, lungs, kidney, and muscle suggests that HYAL2 is involved in HA turnover
and that the regulation of HA size might have an effect on the balance of ECM in these
organs, and therefore impact development. Indeed it is not surprising that Hyal2 KO mice
have significant pre-weaning lethality [63,199].
Our studies demonstrate that HYAL2 is a broadly expressed protein that contributes
to both circulating and local HA catabolism. Based on our results, we propose a revised
model for HYAL2’s contribution to HA degradation. We suggest that cell surface HYAL2 is
primarily involved in local HA degradation in tissues like oviduct and lungs. In some regions
of tissues where HYAL2 is not detected, but HA accumulates in its absence, we suggest that
HYAL2 may be active in a soluble form that has been released from its GPI anchor, or on the
surface of a secretory vesicle. Finally, our results support the existence of a non-HYAL2
dependent pathway that contributes to both local and circulating HA degradation. Whether
the distribution of HYAL2 is the same during development or wound healing remains to be
determined and this could have some impact on the distribution of accumulating HA in the
Hyal2 KO mice. Further studies of HYAL2 trafficking, and how its deficiency leads to preweaning lethality in Hyal2 KO mice will no doubt provide new information about HA
degradation and HYAL2’s role in normal development.

144

Chapter 5: Conclusions and Future Directions
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HYAL2 is a GPI-linked enzyme which is proposed to initiate the degradation of HA,
a major component of the vertebrate ECM [59]. HA plays a significant role during
development and in maintaining tissue homeostasis after birth. The role of HA in organ
development has been characterized through the analysis of HAS2 KO mice; KO mice died at
E9.5 due to the absence of EMT in the cardiac cushions [126]. HYAL1 and HYAL2 are
thought to be the primary enzymes involved in somatic HA degradation. However, the
deficiency of HYAL1 in mice and patients resulted in a very mild pathology suggesting
HYAL2 might substitute for the loss of HYAL1 in HA catabolism [51,52]. Initial studies of
HYAL2 KO mice revealed craniofacial abnormalities, and mild anemia that did not entirely
support a key role for HYAL2 in HA catabolism [63]. However, further study of Hyal2 KO
mice demonstrated additional phenotypes, including atrial enlargement (54% of KOs) and
severe pre-weaning lethality, that encouraged us to study the HYAL2 KO mice further.

This work started with the characterization of the cardiac phenotype in HYAL2 KO
mice (Chapter 2). We demonstrated that HYAL2 is essential for normal cardiopulmonary
function in mice. In its absence, extracellular HA accumulated in the heart valves,
myocardium, serum and lungs that led to severe cardiopulmonary dysfunction and premature
death. The cardiac failure in Hyal2 KO mice followed an acute course (average lifespan ~3
months) in some animals and a chronic course (average lifespan ~6 months) in others.
Increased levels of HA in the heart valves and myocardium was associated with
disorganization of the valve ECM and upper ventricular hypertrophy in Hyal2 KO mice.
Analysis of serum HA in HYAL2 mice revealed progressively increasing levels of HA with
age that reached an average 27 fold increase at the time of euthanasia in KO mice compared
to controls. However, serum HA levels did not differ significantly between acute and chronic
mice. Analysis of the lungs of Hyal2 KO mice demonstrated severe pulmonary fibrosis due to
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increased levels of HA in the acute mice compared to chronic and control mice. Further,
assessment of HA size in the KO hearts and serum revealed the accumulating HA was HMMHA, supporting the proposed model of HA degradation where HYAL2 initiates degradation
of HMM-HA. Taken together, we concluded that HYAL2 is essential for the breakdown of
extracellular HMM-HA and in the absence of HYAL2, extracellular HA accumulates in
tissues and can lead cardiopulmonary dysfunction.

The structural abnormalities in the hearts of HYAL2 KO mice were thought to have a
developmental origin. In Chapter 3, we describe the further characterization of the
morphological and functional abnormalities of the cardiac phenotype. Severe atrial dilation
was detected in acutely affected HYAL2 KO mice as early as 4 weeks of age. Histological
analyses revealed that the atrial dilation was the result of excess tissue in the atrium.
Functional analyses has shown progressive diastolic dysfunction in all HYAL2 KO mice. The
severity of the dysfunction correlated with the severity of the atrial enlargement, but did not
correlate with the presence of cor triatrium. Histological analysis of adult heart tissue
demonstrated fibrosis due to increased levels of HA in the atrium and ventricle of HYAL2
KO hearts compared to controls. The cell type in the fibromuscular tissues was identified to
be mesenchymal. Further, study of early embryonic mouse hearts revealed increased numbers
of mesenchymal cells, suggesting increased EMT and decreased differentiation, presumably
due to the presence of excess HA. The excess tissue growth in acute mice was clearly
associated with increased cardiac dysfunction that led to euthanasia between 1-3 months of
age. Our findings suggest that HA degradation by HYAL2 is required to attenuate EMT, and
in the absence of HYAL2, excess mesenchymal cells are formed.
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HA accumulation in the Hyal2 KO heart, lungs and serum suggested that HYAL2
might be important in HA catabolism in a broad range of tissues, but its distribution had not
been previously studied. In Chapter 4, we analyze a broad range of mouse tissues, and show
that HYAL2 is mainly distributed to the surface and cytoplasm of endothelial cells, as well
as specialized epithelial cells in several tissues, including the skin. The current study has also
demonstrated detectable expression of HYAL2 in the adult mouse brain and localized it to
ependymal cells. To gain a better understanding of how HYAL2 functions in those tissues,
the levels of HA were also examined in tissues from Hyal2 KO and control mice. HA levels
were increased in almost all organs/tissues of Hyal2 KO mice, although the levels of
accumulation were much higher in those tissues responsible for local HA degradation than
those responsible for circulating HA degradation (lymph node, liver, spleen and bone
marrow), indicating a role for HYAL2 in local HA catabolism. Interestingly, accumulating
HA in some tissues/organs was distant from where HYAL2 was localized whereas in others,
HA localized in the surrounding matrix close to HYAL2. The accumulating HA in the tissues
was found to be HMM-HA. Our results support HYAL2’s role as an extracellular enzyme
that initiates HA breakdown in somatic tissues. However, our findings also suggest that
HYAL2 contributes to HA degradation through other routes, perhaps as a soluble or secreted
form.
In summary, this work demonstrated that HYAL2 has an important role in the degradation of
HMM-HA and heart development (Figure 5.1). Hyal2 KO mice were unable to remove
HMM-HA during heart development, resulting in increased EMT in HYAL2 Kos compared
to controls. Accumulation of HMM-HA disrupted the homeostasis of other matrix
components and led to abnormal cardiac development and organ dysfunction. The
characterization of HYAL2 distribution and accumulation of HA in its absence in adult
mouse tissues demonstrated that HYAL2 plays an important role in HMM-HA degradation in
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a broad range of tissues. It seems likely that the proposed model in Fig. 5.1 for the role of
HYAL2 in regulating normal EMT might also impact development in other tissues.

Figure 5.1. Model for the impact of HYAL2 deficiency on cardiac development.
During embryonic development, HMM-HA synthesis promotes swelling of the cardiac jelly
and EMT within the endocardial cushions (EC). Following EMT, degradation of HMM-HA
is required to inhibit EMT and activate the VGEF pathway Which promotes the production of
the valves and septa of the developing heart. In HYAL2 KO mice, the absence of HYAL2
prevents the removal of HMM-HA and the generation of LMM-HA. As a result, EMT
continues to be promoted and the activation of the VEGF pathway is reduced. This results in
a disruption in normal heart development, thickened valves, and cardiac fibrosis. As a result,
HYAL2 KO mice exhibited pre-weaning lethality and developed diastolic dysfunction that
leads to a short lifespan in surviving KOs.
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The heterogeneity of the phenotypes in the HYAL2 KO mice indicated the presence
of other genetic loci that can modify the phenotype in some KO mice. It would be interesting
to identify the genetic modifier within this outbred background on which we are working.
The turnover of HA is regulated by different proteins including HASs, HYALs and cell
surface receptors. Therefore, as a first approach to identifying the modifier, it would be
interesting to look at the expression levels of these proteins in acute versus chronically
affected HYAL2 KO mice. Ultimately, if this were not successful, a genome-wide
sequencing approach of mice with the two phenotypes compared to controls could be taken to
identify the responsible gene(s). A similar approach could also be used for the identification
of a modifier of the kidney phenotype, which also exhibited variable penetrance.

A kidney was found to be missing in 43% of HYAL2 KO mice. Since the kidney
phenotype was found to be independent of the atrial dilation, we focused our study on the
characterization of the cardiac phenotype in HYAL2 KO mice. However, in our studies of the
adult kidney, we have found accumulation of HA in the medullary region and further
biochemical analysis confirmed the accumulating HA was HMM in the KOs compared to
controls. However, no studies have been performed to describe how HYAL2 contributes to
kidney development/pathology. Several in vitro and expression studies have been reported
that HA and HYALs might play a significant contribution to kidney development and disease
[237,238]. During the development of the chick embryonic kidney (day 11-18), reduced
levels of HA and increased HYALs were demonstrated [237]. Therefore, a detailed molecular
and histochemical analysis of the developing kidney in Hyal2 KO and control mice would be
important in determining HYAL2’s role. Further high-frequency ultrasound could be used to
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determine if the kidney begins to develop and regresess, or if it fails to develop. We have
previously used high-frequency ultrasound to assess heart development in embryonic mice.

Several groups have reported that the increased HA is associated with tissue fibrosis.
However, how tissue homeostasis is regulated in the presence of HMM and LMM HA in in
vivo has not been studied yet. Because the ECM of the heart valve is well characterized, heart
valves in Hyal2 KO and control mice could be used as a model tissue to explore the role of
excess HA in tissue homeostasis. Our partial analysis of heart valves in Hyal2 KO mice
demonstrated that the presence of excess HA disrupts the organization of collagen and elastin
in HYAL2 KO mice compared to controls. Molecular and histochemical analysis of Hyal2
KO and control heart valves could determine the organization and expression of other ECM
components including PGs, MMPs and TIMPs in detail. To determine the expression level of
other genes and transcription factors due to increase HA in Hyal2 KO mice compared to
controls, the mRNA expression analysis on frozen heart valves could also perform. Briefly,
valves from 3 adult mice of the same genotype will be dissected and pooled for RNA isolation.
100-200 ng of RNA will be used to generate cDNA and qRT-PCR will be performed. This

information would be valuable to understand the molecular cause of a pathology associated
with excess HA.

HYAL2 deficient mice demonstrated craniofacial abnormalities, increased serum HA,
agenesis of a single kidney and cardiac abnormalities. Screening for these pathological
features in the human population could allow HYAL2-deficient patients to be identified. A
full evaluation of the phenotype in different human populations would be very useful in
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defining the full range of the phenotype associated with HYAL2 deficiency in humans and
whether a complete HYAL2 deficiency is likely to be compatible with human life.

Hearing loss is a common feature in several MPS patients and mice. The role of HA
in inner ear development has been determined in Xenopus laevis. The viscoelastic properties
of HA allow it to act as a propellant for the ECM and associated cell movements which are
essential for the development of the semicircular canal in frogs [131]. In situ hybridization of
E13.5 mouse embryos demonstrated the expression of both Has2 and Has3 genes in the
semicircular canal and the cochlea respectively [28]. Further, histological analyses of the
distribution of GAGs in the mouse ear showed HA is abundant in the inner and middle ear
cavity [239]. However, no studies have been reported to describe how HYAL2 contributes to
ear development. In preliminary studies, we have found the significant hearing loss in adult
HYAL2 KO mice (not shown). Additional investigations of the structure of the ear using
micro-CT, as well as histological studies of the inner ear structure would be useful in
determining the cause of hearing loss in HYAL2 deficiency.

In our study of pre-weaning lethality in HYAL2 KO mice demonstrated that 1/3 of the
KO mice died during postnatal (P) day1 (data not shown). The preliminary study of the cause
of death in HYAL2 KO mice exhibited reduced ossification of palatal bones and abnormal
skull bones compared to controls. Therefore, it will be interesting to study further the
mechanism of ossification and the contribution of HYAL2 in this regard. During
palatogenesis, the hydrated nature of HA provides intrinsic force to support palate elevation
and fusion, and the condensed mesenchymal cells in the palate shelf differentiate into
osteoblasts to form the hard palate. Palatal ossification requires a complex process of
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spatiotemporal expression of growth factors, and differentiation factors including bone
morphogenetic proteins (Bmps), core binding proteins (Cbf), Fgfs, TGfβ and hedgehog (hh)
proteins that control the signaling pathways for the patterning and maturation of osteoblasts
[240]. Using immunohistochemical approaches on embryonic tissue, one could determine the
impact of HYAL2 deficiency on the molecular pathways of ossification during palate
development. This information would be valuable for understanding the molecular
mechanism of osteogenesis associated with excess HA.

The depolymerization of HA during heart development was evident in ex vivo studies
of mouse cardiac explants; LMM-HA inhibited EMT and activated VEGF pathways [142]. In
the absence of HYAL2, accumulation of HA was associated with increased mesenchymal
cells, and presumably EMT in Hyal2 KO heart and palate. The EMT process requires the
activation or inhibition of different transcription factors and their regulatory signalling
pathways to control cell proliferation, differentiation, invasion and migration [241].
Therefore, an examination of EMT pathways in Hyal2 KO and control tissues would help to
place where HYAL2 fits into these signal transduction pathways to regulate EMT. This study
could utilize pre-existing oligonucleotide arrays to query the expression of EMT-related
genes in the developing heart and palate of Hyal2 KOs and controls. The different levels of
expression of transcription factors, cell surface receptors, and other proteins will determine
how HYAL2 regulate EMT at a particular time point. The mRNA expression data would be
further verified with biochemical and histological analysis. This study would determine the
importance of HA degradation during EMT in vivo.
Several in vitro and ex vivo studies have demonstrated a role for HMM-HA and
LMM-HA in cardiogenesis. For example, increased HMM-HA promotes the invasive
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activity of mesenchymal cells in a CD44-NFκB-Snail2-dependent pathway [242]. In the
epicardium, HMM-HA activates the TGFβR3-Src pathway that is required for the cellular
invasion of epicardial cells [243]. Ex vivo studies of mouse cardiac explants indicate that the
formation of mesenchymal cells is promoted by HMM-HA. Whereas, LMM HA inhibits the
formation of mesenchymal cells and increases VGEF production to promote the
differentiation of the mesenchymal cells [244]. To determine the role of HYAL2 in this
regard, ex vivo analysis of cardiac cushions from Hyal2 KO and control mice could be
performed. Briefly mouse AVC and endocardial cushion will be dissected out at E9.5 (during
EMT) and 11.5 (after EMT), and cultured on collagen gels. The cellular migration and
invasion will be measured using morphological characteristics of mesenchymal cells as
described in a previous study [244]. Immunofluorescence and western blot will be
performed to determine the localization and expression of VEGF and other signalling
molecules on cultured cell lysate and media of Hyal2 KO and control mice. This study
would determine the role of HYAL2 in mesenchymal cell migration, invasion and activation
of VEGF pathway in ex vivo.

Based on our knowledge, this is the only work that described cor-triatriatum in a
mouse model. Cor-triatriatum is a rare genetic disorder associated with several cardiac
abnormalities including mitral regurgitation, enlarged atrium, and valvular disease. The
pathophysiology and molecular causes of cor-triatriatum are not well known. Therefore, our
mouse model could be used to more fully understand the molecular causes of cor-triatriatum
and whether there are possible approaches to treatment. Whether there are additional cardiac
abnormalities that we did not identify in our studies remains to be determined. The
histological analysis of the acute atrium demonstrated the presence of extra tissue mass. Our
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preliminary study of the cell type in the extra mass suggested they were undiferentiated
cardiac myocytes. Therefore, it would be interesting to further study this tissues using
myocyte specific markers including α-SMA, alpha actin, and myosin heavy chain to confirm
the cell type. Based on our analysis of embryonic lethality, cardiac defects could be a cause
of pre-weaning lethality, as the embryos that died before birth appeared to die at
approximately E15.5. A histological study of E14.5 Hyal2 KO embryos might be helpful in
identifying the cause of death in a small number of Hyal2 KOs. In the longer term, creating a
specific KO of HYAL2 in various cell populations that form the heart would help to
understand the origins of the heart defects and whether they are the cause of lethality.

The localization of HYAL2 and HA distribution in the early embryonic (E8.5 -12.5)
mouse heart suggested that these molecules were important during development. Using a
similar approach, the correlation between the HA level and HYAL2 localization could be
determined at other stages of embryonic development. The spatiotemporal localization of
HYAL2 will determine where it is located during palate, ear and other tissues/organ
development. The distribution pattern of HYAL2 in these organs and the correlation with HA
accumulation in HYAL2 KOs is a key approach to providing the basis for further
experiments to understand HYAL2’s role in development. Further, studies of ECM
organization in ear, palate, and heart using histochemical approach may light up how the
excess HA disrupts the ECM homeostasis of those organs.

It would be interesting to study the impact of reducing the HA levels during
development. Several studies have been reported that administration of dexamethasone or
diphenylhydantoin reduced the HA levels in human and mouse [245]. A similar approach
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could be tested female mice carrying HYAL2 KO embryos, starting with a low dose at E14.5,
right after all the major organs are formed. The treated and control HYAL2 KO pups could
be evaluated for heart and craniofacial defects at P1.

The current work demonstrated that HYAL2 is mainly expressed in endothelial and
some specialized epithelial cells. According to the proposed model, HYAL2 interacts with a
cell surface receptor and initiates HA endocytosis. Falkowski et al. has been reported that the
HARE receptor is also expressed in endothelial cells [116]. Further, HARE KO mice also
exhibited premature mortality, increased serum HA and dilated cardiomyopathy [118].
However, no studies have been done to determine if these proteins can interact to each other,
and whether their interactions contribute to HA catabolism. The interaction between HYAL2
and HARE would be determined by performing an immunoprecipitation in mouse tissue. In
this regard, HYAL2 KO mice can be used as an experimental control for HYAL2. The
functional dependency of HARE and HYAL2 could be analyzed using in vitro studies.
Briefly, endothelial cells from both HYAL2 KO and control mice could be isolated and
cultured in the presence/absence of HARE blocking antibodies in the presence of exogenous
fluorescently labelled HMM/LMM-HA. After incubation with exogenous HA, the uptake of
HA will be monitored by microscopy and the size of the remaining HA in the media will be
determined using agarose gel electrophoresis. If their activity depends on each other, then it
will be interesting to generate a double KO (Hyal2-/- Hare-/-) mouse and characterize the
phenotypes.

Several in vitro studies have reported that HYAL2 can interact with the CD44
receptor. The co-localization of HYAL2 with CD44 or another receptor, LYVE-1, using a
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commercial antibody to HYAL2 to analyze mouse tissues will provide insight into the
potential in vivo relevance of interactions between HYAL2 and either receptor. If HYAL2 colocalizes with either receptor in a specific tissue or organ, this could suggest that they work
together in HA catabolism. However, this would just be a starting point for many additional
in vitro and in vivo experiments to assess their interdependence and importance in HA
catabolism and uptake.

The HYAL2 KO mice have created a rich resource for future endeavors, only a few of
which I have touched on this summary and discussion of future directions. It is clear that this
model has the potential to dramatically advance our understanding of the role of HA and HA
degradation in development and disease.
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