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Long, long ago, when hyaluronan (HA; also termed hyaluronic acid or hyaluronate) was just a goo, a trickle of papers
emerged suggesting that it might also play an important role during embryonic development, possibly creating hydrated
pathways that facilitate cell movement (reviewed in ref. 1). Among these early publications were studies by Roger
Markwald’s group indicating that endothelial cells migrated into an HA-rich ECM during cardiac cushion development (2)
and that HA might influence this process (3). In this issue of the JCI, Camenisch et al. (4) describe aberrant development
of the cardiovascular system in mice in which one of the three known HA synthase genes, Has2, is knocked out. This
study provides final proof that HA is indeed essential for heart development and highlights two probable molecular
functions of HA. HA, a polymer of glucuronic acid alternating with N-acetyl glucosamine, is a simple but unusual
polysaccharide. It is a member of the glycosaminoglycan (GAG) family, but it differs in many ways from other GAGs. First,
it is huge, usually with a molecular weight between 103 and 104 kDa and an extended length of 2–25 μm. Second, unlike
other GAGs, HA contains no sulfate groups or epimerized uronic acid residues. Third, and central to the study described
in this issue of the JCI (4), the mechanism of synthesis of HA […]
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Commentary

Long, long ago, when hyaluronan (HA;
also termed hyaluronic acid or
hyaluronate) was just a goo, a trickle of
papers emerged suggesting that it
might also play an important role dur-
ing embryonic development, possibly
creating hydrated pathways that facili-
tate cell movement (reviewed in ref. 1).
Among these early publications were
studies by Roger Markwald’s group
indicating that endothelial cells migrat-
ed into an HA-rich ECM during cardiac
cushion development (2) and that HA
might influence this process (3). In this
issue of the JCI, Camenisch et al. (4)
describe aberrant development of the
cardiovascular system in mice in which
one of the three known HA synthase
genes, Has2, is knocked out. This study
provides final proof that HA is indeed
essential for heart development and
highlights two probable molecular
functions of HA.

HA, a polymer of glucuronic acid
alternating with N-acetyl glu-
cosamine, is a simple but unusual
polysaccharide. It is a member of the
glycosaminoglycan (GAG) family, but
it differs in many ways from other
GAGs. First, it is huge, usually with a
molecular weight between 103 and
104 kDa and an extended length of
2–25 µm. Second, unlike other GAGs,
HA contains no sulfate groups or
epimerized uronic acid residues.
Third, and central to the study
described in this issue of the JCI (4),
the mechanism of synthesis of HA is
unique — HA is made at the inner
side of the plasma membrane rather
than in the Golgi apparatus; it is
most likely elongated at the reducing
rather than the nonreducing termi-
nus during synthesis; and it is not
covalently linked to a protein back-
bone during synthesis. After many
years of frustration, characterization
of the enzymes responsible for HA
synthesis, i.e., the HA synthases
(Has’s), has progressed rapidly over
the past several years (reviewed in
refs. 5, 6). The first of these enzymes
to be cloned and characterized was

from pathogenic bacteria that pro-
duce protective capsules of HA that
enhance their virulence. An operon
involved in HA synthesis was charac-
terized in group A Streptococcus, and
the Has gene was cloned by transpo-
son interruption of this operon in
Streptococcus pyogenes (7). After expres-
sion, the encoded protein was shown
to synthesize high–molecular weight
HA, thus establishing that a single
protein, encoded by the Has gene, is
responsible for both of the glycosyl-
transferase activities required for syn-
thesis of HA (8). Several groups have
since succeeded in cloning and char-
acterizing three separate genes for

vertebrate HA synthases: Has1, Has2,
and Has3 (5, 6). Camenisch et al. (4)
now describe the production of
Has2–/– mice, which, they show, have
serious cardiovascular defects and die
during mid-gestation.

Has2–/– mouse embryos at stage E9.5
of development contain virtually no
HA. At this stage they exhibit multiple
defects, including yolk sac, vascula-
ture, and heart abnormalities. In par-
ticular, the cardiac jelly and cardiac
cushions, which normally give rise to
valves and other structures, fail to
form. At the tissue level, ECMs are
more compact than normal, and the
organization of various ECM compo-
nents is altered. Part of the process of
cardiac cushion remodeling involves
transformation of endothelium to
mesenchymal cells that migrate into
the HA-rich cardiac jelly. To test for a
possible role for HA in this transfor-
mation and migration, Camenisch et
al. cultured developing cushion tissue
explants on collagen gels and observed

that endothelial-mesenchymal trans-
formation and cell migration occur
when wild-type tissue is used, but not
when Has2–/– tissue is used (4). Trans-
formation and migration are rescued
when the Has2–/– tissue expresses an
Has2 cDNA or is treated with
nanogram amounts of exogenous HA.
Finally, the authors show that,
although HA’s effect on migration is
apparently Ras-independent, HA-
mediated rescue of transformation can
be mimicked by transfecting cells with
constitutively active Ras and can be
inhibited by a dominant-negative Ras
cDNA. These results point toward at
least two functions for HA. The first is
in formation of a highly hydrated,
expanded ECM, such as is found in the
cardiac jelly. The second is in facilitat-
ing cell behavior, such as occurs dur-
ing epithelial-mesenchymal transfor-
mation and migration of cushion
endothelium.

The molecular functions of HA fall
into three partially overlapping cate-
gories (reviewed in refs. 9, 10): First,
HA occupies an enormous hydrody-
namic domain that greatly influences
the hydration and physical properties
of tissues. Second, it interacts with
other ECM macromolecules, includ-
ing the proteoglycans aggrecan and
versican; these interactions are essen-
tial to the structure and assembly of
several tissues. Finally, HA interacts
with cell surface receptors, notably
CD44, and thereby influences cell
behavior. The ability of HA to form a
pericellular coat — a unique environ-
ment in which many cell types reside
— illustrates the interrelation of these
three functions. Formation of pericel-
lular coats depends on the large
hydrodynamic domain occupied by
HA, its interaction with extracellular
proteoglycans, and its interaction
with the cell surface. The data of
Camenisch et al. (4) support the
importance of the hydrodynamic
properties of HA in expansion of the
matrix in cardiac cushions, and the
likelihood that interactions with ver-
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sican are critical in the structure of
this matrix. Perhaps more unexpected
are the requirement of HA in endothe-
lial cell transformation and migration
and the relationship of HA-cell inter-
actions to Ras signaling.

Recent studies have made it increas-
ingly clear that HA-cell interactions
affect not only cell movement (11–13),
as seen here, but also invasive behavior
(14) and malignant transformation
(15, 16). Interaction of HA with the
HA receptor CD44, which accounts for
some of this effect, stimulates intra-
cellular signaling through Rac (11, 12),
phosphoinositide 3′-kinase (17), and
Ras (18) in various cell types in culture.
The work of Camenisch et al. (4) estab-
lishes the importance of one such HA-
dependent pathway in embryonic
development. Similar interactions are
likely to be of paramount importance
in cancer as well (14–17).
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