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Abstract

Branching morphogenesis is a fundamental process in the development of diverse epithelial organs
such as the lung, kidney, liver, pancreas, prostate, salivary, lacrimal and mammary glands. A
unifying theme during organogenesis is the importance of epithelial cell interactions with the
extracellular matrix (ECM) and growth factors (GFs). The diverse developmental mechanisms
giving rise to these epithelial organs involve many organ-specific GFs, but a unifying paradigm
during organogenesis is the regulation of GF activity by heparan sulfates (HS) on the cell surface
and in the ECM. This primarily involves the interactions of GFs with the sulfated side-chains of
HS proteoglycans. HS is one of the most diverse biopolymers and modulates GF binding and
signaling at the cell surface and in the ECM of all tissues. Here, we review what is known about
how HS regulates branching morphogenesis of epithelial organs with emphasis on the developing
salivary gland, which is a classic model to investigate epithelial-ECM interactions. We also
address the structure, biosynthesis, turnover and function of HS during organogenesis.
Understanding the regulatory mechanisms that control HS dynamics may aid in the development
of therapeutic interventions for diseases and novel strategies for tissue engineering and
regenerative medicine.
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Introduction

Branching Morphogenesis and Extracellular Matrix (ECM)

Many organs, including the lung, kidney, liver, pancreas, prostate, salivary, lacrimal and
mammary glands are formed during embryonic development by the process of branching
morphogenesis. Iterative rounds of epithelial branching, driven by the expansion and
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maintenance of pools of stem and progenitor cells, establish the branched architecture (Fig
1A). This is required to increase the internal surface area for the particular organ function,
whether it is gas exchange, filtration, waste excretion or fluid secretion. The main cellular
mechanisms involved in branching morphogenesis include cell proliferation, differentiation,
migration, and apoptosis. In addition, there are reciprocal interactions among the epithelial
stem and progenitor pools and their niche that includes the surrounding ECM and a variety
of cell types including mesenchymal, neuronal, immune, lymphatic and endothelial cells (1).
The ECM is critical during branching morphogenesis for not only providing structural
integrity, but for controlling communication among cell populations by the HS binding
secreted growth factors, morphogens, cytokines and other mediators of development (2). For
the purposes of this review we will refer to all of these factors simply as growth factors
(GFs). The ECM is produced by the mesenchymal cells in the tissue surrounding the
developing organ and by the epithelial cells themselves (3). ECM is composed of several
distinct families of molecules such as laminins, collagens, and fibronectin, and their role in
branching morphogenesis has been previously been reviewed elsewhere (2, 4).

The functions of Heparan sulfate (HS) in ECM

The basement membrane (BM), a specialized ECM structure that epithelial cells adhere to,
is composed primarily of collagen 1V, laminins isoforms, nidogen, and HS proteoglycans,
including perlecan (5). An important function of the negatively charged HS in the ECM and
BM is to bind and concentrate GFs and thus act as a reservoir for GFs (6). HS is a co-
receptor to facilitate signaling complex formation between GFs and their receptors or
oligomerization of these receptor complexes. The endogenous HS of any tissue can be tested
for its ability to bind growth factor and receptor complexes using the ligand and
carbohydrate engagement (LACE) assay (7). As shown in figure 1B, both cell-cell and cell-
BM HS binds the FGF10/recombinant FGFR2b-Fc complex. HS is also bound by viral
receptors for entry into cells, the herpes simplex virus uses the gD1 protein receptor to bind
a 3-O-sulfated epitope of HS on the cell surface and in the BM (8) (Fig. 1C). HS also
functions by binding, and storing GFs and then releasing them in a controlled manner (9).
HS can generate GF and morphogen gradients through affinity based localization of HS
binding components (10). Binding of a GF to HS can enhance its binding and signaling
through its receptor, regulate GF activity due to HS cleavage and release of HS fragments,
inhibit its function by sequestering it from its receptor, or protect the GF from proteolytic
cleavage (2, 11). The HS in the ECM can selectively bind to GFs and, as a consequence,
help determine the binding specificity between ligands and receptors and the signaling
direction of epithelial-mesenchyme crosstalk during development. For example, during limb
development, specific HS structures selectively bind FGF10 derived from the mesenchyme
but not FGF8 derived from the ectodermal cells (12). Thus, HS can dictate growth factor
selectivity in a developing organ. Overall, the resulting function of a GF during branching
morphogenesis is dependent on the context in which it interacts with HS to control its
biological activity.

HS in the ECM as a component of stem cell niche

Epithelial stem cell fate and stem cell expansion during branching morphogenesis can be
regulated by signals provided by the local microenvironment (niche), which includes
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mesenchyme cells, nerves, blood vessels, lymphatics and the GFs bound to the HS-
containing ECM. It is possible that tissue-specific HS chains serve to integrate autocrine and
paracrine signals from the resident niche cells with signals from the HS-ECM , together with
signals from the stem cells themselves.

The niche contains all the signals required to program stem cells, for example a single
mammary stem cell can reproduce an organ when transplanted into a cleared fat pad, the
endogenous nhiche for gland development (13). In addition, ex vivo three-dimensional (3D)
organoid culture in Matrigel has increased our understanding of the role of HS in the ECM
for the development of many branching organs. When a single KIT+ prostate cell grafted
with stromal cells was transplanted into the renal capsule in vivo could regenerate a prostate
(14). Also, a single highly expressing EpCAM+ or c-Kit salivary gland stem cell can form
organoids in a HS containing ECM and be induced by growth factors to undergo a branching
program (15, 16). Although organ-specific GFs regulate branching in specific organs, a
common paradigm between organ systems is the critical requirement and function of HS-
binding GFs. In this review, we will mainly focus on the salivary gland as an example of a
branching organ where glycosaminoglycans and HS function were shown to be critical for
epithelial branching morphogenesis (17-20).

Salivary gland branching morphogenesis

There are three major pairs of salivary glands, the sublingual, the submandibular, and the
parotids, which are morphologically and functionally distinct but their embryonic
development by branching morphogenesis share common mechanisms. We will focus on
studies of the mouse submandibular gland (SMG), which has been used to investigate the
role of HS during branching morphogenesis. The SMG initiates as a thickening of the oral
epithelium on a stalk that invaginates into a condensed mesenchyme at E12. Clefts in the
epithelium result in 3-5 epithelial buds at E13.5, and branching morphogenesis occurs to
form a highly branched gland. Functional differentiation begins in vivo after E15 and
continues to birth (21). Postnatal development involves maturation of both acinar cells and
ductal structures. Fibroblast growth factors (FGFs), a family of 23 ligands, and their
transmembrane protein tyrosine kinase receptors (FGFRs) (22) are critical for SMG
development. HS proteoglycans are also essential for FGF/FGFR binding and activation
(23). Deletion of either Fgfi0or Fgfr2bin mice results in multiple abnormalities, but
importantly agenesis of branching organs such as the lung, salivary, and lacrimal glands (24—
26). The overlapping phenotypes of Fgfi(- and Fgfr2b-null mutants confirm Fgfr2b as the
major receptor for Fgf10. FGFR2b signaling requires HS to increase the affinity of FGF10
for FGFR2b, stabilizing the ternary signaling complex. In this review we will focus on
FGF10-FGFR2b signaling as an example of a well-characterized GF signaling pathway that
requires HS for function.

Heparan sulfate proteoglycans

HS is a linear polysaccharide consisting of alternating glucosamine and uronic acid residues
(27) that is attached to a protein core of a proteoglycan. The negative charge of HS is due to
sulfates that are added to the chain. This is in contrast to heparin, which is a highly
negatively charged linear polysaccharide stored in the secretory granules of mast cells that
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plays a role in anticoagulation and may be a defense mechanism against invading bacteria
(27). HS is attached to heparan sulfate proteoglycans (HSPGs), which constitute a large
family of glycoproteins with a core protein and highly variable in terms of humber and size
of heparan sulfate moieties attached. There are three classes of HSPGs: those that are bound
to the cell membrane by the GPI-anchor (the glypicans), those contain a transmembrane
domain (the syndecans and betaglycan) and those that are secreted into the BM (perlecan,
agrin and collagen XVIII). The HS chains of HSPGS are responsible for many of the
functional characteristics of HSPGs as described above. HSPGs also function as both a pro-
and anti-angiogenic factors. This function is mediated by their HS chains, which can bind to,
and concentrate angiogenic growth factors in proximity to cell-surface receptors, where they
are presented in a biologically active form. On the other hand, these BM HSPGs could also
restrict the diffusion of growth factors over extended distances. In this review, we will
particularly address the role of the secreted HSPGs during branching morphogenesis. HS is
ubiquitous on cell membranes, in the BM, and in the ECM therefore all cell-cell and cell-
matrix interaction, may be influenced by HS activity. However, the transcripts for HSPGs
are differentially expressed during branching morphogenesis in an E13 SMG (Fig. 2).
Importantly any biological activity involving an HS-binding GF may be dependent on HS in
the local microenvironment. It is the complexity of HS structures and biosynthesis that has
made it difficult to study, as a result many researchers either ignore HS interactions or treat
HS as a “black box” which can be addressed by simply adding heparin into an assay.

Collagen type XVII1 is a hybrid collagen-proteoglycan that contains a frizzled and an
endostatin domain (28). Targeted disruption of Co/18a1 affects the integrity of basement
membranes of various tissues including the kidney leading to an abnormally loosened
network structure (29, 30). Co/18a1 null mice show increase in the width of various BMs
such as those in the kidney proximal tubules (31). Collagen type XVIII is expressed
throughout the epithelial bud at the initiation of lung and kidney organogenesis, but becomes
localized to the epithelial tips in the lungs during early stages of epithelial branching,
whereas its expression in the kidney is confined to the epithelial stalk region and is lost from
the newly formed ureter tips (32). The addition of collagen XVIII endostatin to ureteric
cultures inhibits branching of the explants, whereas neutralizing antibody to endostatin
increases ureteric bud outgrowth and branching. These data indicates that local expression of
endostatin at the tips of the ureteric bud may play a role in its regulation (33). Interestingly,
glypican 3 (Gpc-3) knockout mice display enhanced ureteric bud branching early in
development (34) and it is suggested that Gpc-3 may bind unique factors such as endostatin,
BMP2 or FGF7 that limit GF-mediated ureteric bud growth and branching. Gpc-3 is highly
expressed in the ureteric bud during embryogenesis (35) then down-regulated in the adult
kidney (36, 37). Lung branching morphogenesis is decreased when a function blocking
collagen XVIII antibody is added to lung explant culture with a decrease in Wnt2 expression
(32). However, the function of collagen XVIII during salivary gland morphogenesis has not
been reported.

Perlecan is the most prevalent BM HSPG and is complex multidomain protein with a
number of discrete binding partners. It is synthesized and secreted as a single molecule
composed of five distinct domains, I-V. Domain | contains binding sites for HS chains,
which is important for cell adhesion and anchoring the BM via interaction with laminin,
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collagen 1V, and fibronectin; and for GFs such as FGF2, PDGF, VEGF, angiopoietin-3 and
FGF10/FGFR2b complex (28, 38). The HS chains of perlecan also bind FGF10 and this HS
can be cleaved by heparanase. In addition, the protein core can be cleaved by various
proteases, again releasing various pro-angiogenic factors. For example, heparanase-mediated
cleavage of perlecan HS in the BM releases FGF10, which increases salivary gland
branching morphogenesis (38). One of the key roles of perlecan in the BM is to bind to
laminin and collagen 1V to bring together the two supramolecular networks ((39), thus
acting as a scaffolding protein. Perlecan can act to regulate the bioavailability of FGFs in the
extracellular environment (40). Inactivation of perlecan in mice leads to embryonic lethality
at E11.5 and mutant embryos are characterized by a broad range of abnormalities in the
heart, brain, kidney and skeleton (41). Targeted deletion of exon 3 in HspgZresults in
deletion of the three GAG attachment sites in the N-terminal domain | of perlecan (42).
These mice display severe structural defects of the lens capsule degeneration, and increased
smooth muscle cell proliferation (reviewed in (43, 44)).

Agrin is a multimodular HSPG with up to three HS and has an endorepellin-like domain at
its C-terminus, which interacts with several receptors including integrins and dystroglycan
(45, 46). Interestingly, genetic studies on mice suggest that dystroglycan function is required
for the organization and assembly of ECM components into a BM structure (47, 48).
Dystroglycan is expressed during early stages of developing lung and salivary gland, and
inhibiting laminin-1 dystroglycan interactions using a function-blocking antibody retards
salivary gland and lung epithelial branching ex vivo (49).

Together, HSPGs contribute to the structural assembly and maintenance of BMs and
importantly the HS chains carry out important roles in the signaling pathways that lead to
cell survival, motility and tissue morphogenesis through their ability to modulate the
biological activity of GFs and surface receptors.

Heparan sulfate biosynthesis

The specificities of the interactions between HS and its protein ligands are due to the fine
structure of HS, which is characterized by the specific sulfation patterns and hexoronic acid
isoform residues (27). The divergent fine structures of the HS are generated through the
coordinated action of sulfotransferases in the Golgi apparatus. Biosynthesis of HS begins
with the formation of the tetrasaccharide glycan linker on a cognate serine residue of the
proteoglycan core protein by xylosyltransferases, galactosyltransferases, and
glucuronosyltransferase-1 (50). After the formation of the linkage region, the HS backbone
is synthesized by a set of glycosyltransferases that belong to the EXT gene family (exostosin
proteins EXT1, EXT2, EXTL1, EXTLZ2, and EXTL3). The backbone is then modified by a
semi-ordered series of reactions, which generate distinct HS motifs. During polymerization
of the HS chain, HS N-deacetylase/N-sulfotransferase (NDST) deacetylates and N-sulfates
subsets of N-acetylglucosamine residues of the growing polymer. Four NDST isoforms have
been identified, with NDST-1 and the less abundant NDST2 being widely expressed in a
variety of tissues, whereas NDST3 and NDST4 are expressed mainly in the brain (51). The
subsequent modification step is C-5 epimerization of GIcA to IdoA by the enzyme D-
glucuronyl C5-epimerase (52), the only known isoform. Next the HS backbone is O-sulfated
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at various positions (C-2, C-3 and C-6) by different sulfotransferases. 2-O-sulfation is
mediated by a sole 2-O-sulfotransferase enzyme, 6-O-sulfation is mediated by three
isoenzymes whereas 3-O-sulfation, which is the least abundant sulfate modification, is
catalyzed by seven isoforms in mouse and human. The expression of individual
sulfotransferases isoforms throughout organogenesis is dynamic and tissue specific, which
raises unanswered questions about the specific regulation and function of HS sulfated
epitopes in specific developmental processes such as branching morphogenesis. As an
example, the expression of sulfotransferases isoforms during SMG development is included

(Fig. 3).

HS is one of the most complex biopolymers due to the diverse sulfation patterns established
by the sulfotransferase isoforms, which results in extreme structural heterogeneity (reviewed
in (53)). The epimerase and sulfotransferase reactions along the GAG chain are not uniform,
resulting in a domain-type arrangements with some areas of the GAG chain being highly
modified and some regions with low-density of modifications. The mechanisms that control
where areas of high and low sulfate density are located is not known, and unraveling the
mechanisms that lead to such a diverse structure is a challenge for the field.

Defects in HSPG assembly can result in complete loss of FGF, Hedgehog, and
Wingless/Wnt signaling and result in severe abnormalities or lethality during embryonic
development. We will next summarize the abnormalities observed in mice that are deficient
in different HS biosynthesis enzymes, giving particularly emphasis on defects associated
with morphogenesis. More recently the function of specific sulfation patterns has been
addressed using molecular genetic approaches in multiple organisms. Here we focus on the
mouse and genetic deletions in genes associated with HSPGs and HS that result in a
branching phenotype (Table 1).

Mice deficient in Ext1 lack an organized mesoderm and extra embryonic tissues, and die at
the gastrulation stage (54). Similarly, loss of Ext2results in early embryonic lethality due to
a gastrulation defect and abnormalities in the formation of extra-embryonic structures (55).
This highlights the importance of the Ext genes in HS synthesis and the necessity of HS for
mammalian life. Mammary epithelial-specific inactivation of ExtZ results in markedly
reduced mammary ductal growth and branching morphogenesis indicating a requirement for
HS (56).

Disruption of NdstI results in severe phenotypes in lungs, brain, cranial facial, lens,
vascular, skeletal, and lacrimal gland development, suggesting that NDST1 is an essential in
mouse embryonic development and for branching morphogenesis. NDST1 deficient mice
experience severe respiratory difficulties and die shortly after birth due to immaturation of
the type Il pneumocytes, which results in insufficient production of surfactants (57, 58).
NDST1 deficient mice have undersulfated HS in which N-sulfation and 2-O-sulfation are
reduced, whereas 6-O-sulfation is normal (58). NDST1 has been shown to be required for
FGF signaling during lens induction (59) and lacrimal gland induction (60) in mice. The
lack of NDST2 in mice does not affect normal life span and fertility, but have severe mast
cell defects, caused by a complete lack of heparin but do not display any obvious HS defects
(61). A lack of both NDST1 and NDST?2 results in early embryonic lethality (62). Mice
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lacking NDST3 are viable and fertile and do not show any obvious phenotype (63).
Furthermore, selective inactivation of NVdstZ in mice mammary epithelia does not affect
branching morphogenesis but causes a defect in lobuloalveolar expansion during pregnancy
and lactation (64). These data demonstrate a clear connection between sulfation and
branching morphogenesis. What often remains to be determined is biochemical analysis of
the HS structures that are made in the absence of one enzyme. This has been hampered in
the past by the requirement of large amounts of HS to be analyzed, recently more sensitive
techniques such as LC-MS/MS have been used to sequence complex mixtures of HS
tetrasacharides (65).

Targeted disruption of D-glucoronyl C5-epimerase gene (G/ce) results in neonatal lethality
accompanied by multiple defects in mice (66). All G/ce knockout pups have kidney
agenesis, and have immature and poorly inflated lungs that have thickened and cell-rich
alveolar septa (67). Disruption of G/ceresults in lack of IdoA, which alters the sulfation
pattern resulting in a large reduction in 2-O-sulfation (66).

Mice with a deletion of HS 2-O-sulfotransferase (Hs2stl) exhibit bilateral renal agenesis
suggesting that this type of sulfation is critical in the modulation of the activity of one or
more key growth factors involved in kidney development (68). These mice have normal UB
outgrowth, but mesenchymal condensation and subsequent UB branching is absent primarily
due to a failure of MM induction (69). In addition, these mice also display defects in the eye
and skeleton (68). Although, Hs2st7 mutant embryos have normal lungs and the pups remain
viable for a few hours after birth. However, analysis of the HS structures shows that loss of
2-O-sulfation is compensated by sulfation at other positions, specifically at the 6-O-position,
which preserves the overall HS charge (70).

In the lacrimal gland, HS in the distal tip of the epithelium is differentially modified with
uniquely sulfated HS to restrict and potentiate FGF signaling within the tip to promote
directional outgrowth of the lacrimal gland bud (60). Deletion of Hs2st1 and Hs6st1
increases the diffusion of Fgf10 in the ECM, decreasing FGF signaling in the lacrimal gland
bud and prevents lacrimal gland development (71). Thus, the HS sulfation controls lacrimal
gland branching morphogenesis. In addition, based on the sequence of HS biosynthetic
reactions, it would be predicted that a loss in Hs2st1 would result in a reduction in the
amount of one type of 3-O-sulfated epitope in the HS. The formation of an Hs3st3-like
epitope on a glucosamine requires an adjacent 2-O-sulfated iduronic acid. It remains to be
determined whether there is any compensation in 3-O-sulfation, with loss of Hs2st1.

Mice deficient in Hs6st1 exhibit neonatal lethality, decreased growth and aberrant lung
morphology (72). In addition, lungs from the adult Hs6stZ mutant mice show enlarged
airspaces associated with fragmentation and irregular deposition of elastin in alveoli (73).
The expression of Hs6st1 is strong at the tips of branching tubules in the developing lung
and Fgf10 preferentially binds 6-O-sulfated residues rather than 2-O-sulfated residues in HS
(74, 75). Overall these studies all indicate that 6-O-sulfation is essential for homeostasis of
lung alveoli. In addition, the requirement of 6-O-sulfated HS is also critical for Fgf10-
Fgfr2b signaling during lacrimal gland branching morphogenesis and development (71).
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3-O-sulfotransferases are the largest family of sulfotransferase enzymes, and it is not clear
why we need seven isoforms. Out of the seven HS 3-O-sulfotransferase isoforms present in
the mouse, only knockout mice for Hs3stZ and Hs3st2 have been generated. The Hs3st1 ™~
mice experience intrauterine growth retardation and spontaneous eye degeneration, which is
dependent on the mouse background (76). Mice deficient in Hs3st2 are viable and do not
display any abnormalities (77).

The vast array of phenotypes as a result of loss of different HS biosynthetic enzymes
provides important insight into the diverse roles of HS and the necessity of tight regulation
of HS sulfation patterning (53).

Role of HS in branching morphogenesis

Many experimental models where HS function is broadly perturbed using chemical and/or
enzymatic methods suggest that HS and HS sulfation are critical for cellular functions and
the process of branching morphogenesis. The use of Xylosides to inhibit HS chain
extension, chlorate to inhibit HS sulfation, bacterial heparin-lyases to depolymerize HS
chains and HS mimetics to compete function of specific structures, have been widely used to
investigate HS function. Particularly when these types of perturbations are combined with ex
vivo culture of fetal branching organs such as the mouse SMG, lungs, kidneys, lacrimal
glands, mammary glands, the critical role for HS during branching morphogenesis is
apparent. During lung morphogenesis, in vitro and ex vivo studies performed on isolated
embryonic lung buds show that treatment with either heparin lyase or sodium chlorate
markedly inhibits branching (78). This suggests that the overall HS plays a role in lung
branching. Indeed, the alveolar BM beneath type I cells is shown to be highly sulfated when
compared to that beneath type 11 cells (79, 80). Furthermore, it has been shown that HS low
in O-sulfation, as shown using 10E4 antibody that recognizes relatively low-O-sulfated, N-
acetylated HS epitopes, is dynamically expressed in the lung mesenchyme at the sites of
prospective budding near FGF10-expressing areas. In turn, highly sulfated HS is present in
the BM of branching epithelial tubules as shown by a strong alcian blue and 3G10 antibody
staining (78), where it has been suggested to function as an effective FGF10 sink to
effectively activate FGFR2b signaling. The dynamic pattern of HS expression suggests that
low O-sulfated HS may facilitate diffusion and direct FGF10, and other distal signals from
their source to target cells. Indeed it has been shown that highly sulfated HS in BM reduces
the rate of FGF2 movement through matrix by several fold (100-1000) compared to when
HS binding does not occur (81). Genetic deletion of Hs6st1 in mice shows lung
abnormalities, as described in the previous section, highlights the importance of this
modification in lung morphogenesis.

Differences in HS has also been shown during SMG branching whereby GAGs accumulate
at sites of rapid proliferation on the branching SMG epithelium (20), but are rapidly
degraded on the distal lobules to allow epithelial growth and expansion (19). In addition, HS
but not chondroitin sulfate, has been shown to be required for SMG branching (reviewed
previously in (21)). Early in vitro studies found that treatment of cultured salivary glands
with B-xylosidase, a competitive inhibitor of GAG synthesis, inhibited branching of cultured
embryonic SMG (18). Differences in sulfation patterns of the HS have been shown to

Matrix Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 9

influence both ductal elongation and endbud expansion during SMG development (82). In
addition, variation in binding affinities that different FGFs have for HS regulates epithelial
morphogenesis by affecting the diffusion of FGFs through the ECM, creating morphogenic
gradients (10). Specific sulfate modifications create specific epitopes that influence signaling
in progenitor cells. For example, K14+KIT+ progenitors found in epithelial endbuds are
enriched in Hs3st3 enzyme isoforms. These enzymes are rapidly upregulated in response to
FGF10/FGFR2b signaling, resulting in an autocrine increase in MAPK signaling and
expression of Hs3st3 genes, KIT and transcription factors downstream of FGFR2b signaling.
The rapid response to 3-O-sulfated HS increased the number of K14+KIT+ progenitors,
proliferation and endbud morphogenesis (Fig. 4) (83). Thus, specific 3-O-sulfated epitope on
HS regulate a number of processes during SMG branching morphogenesis.

A number of studies performed in vitro using isolated embryonic kidney cultures have
shown the importance of HS in kidney development (reviewed in (84)). Removal of HS by
treatment with heparin lyase or addition of sodium chlorate, a competitive inhibitor of
sulfate, to kidney cultures perturbed UB branching (85, 86). In addition, treatment of these
cultures with heparin compounds with variable sulfation patterns indicated a requirement of
6-O-sulfation in growth and branching of UB (87). The use of heparin mimetics, or heparin
fragments, of defined size and with specific sulfation patterns have been used in many
culture systems to compete the endogenous HS for GF binding.

During mammary gland morphogenesis, the GAGs bind to growth factors and accumulate
specifically in the BM surrounding the ducts, which may serve as a reservoir for growth
factors such as TGFp to inhibit the formation of new branches (88). Using mice in various
HS biosynthetic enzymes have been conditionally deleted in the mammary epithelial cells, it
has been proposed that specific sulfates on HS can influence GF interactions during
mammary gland development. Selective deletion of £x¢Z in mammary epithelium results in
failure of primary ductal branching morphogenesis whereas selective Hs2st1 deletion in
mammary epithelium markedly decreases secondary and ductal side-branches and reduces
bifurcated terminal end buds without inhibiting ductal formation (56). Mammary epithelial-
specific inactivation of Ndst does not affect earlier stages of mammary development but
results in defective lobuloalveolar development leading to insufficient milk production (64),
whereas Ndst2 deletion results in a mild increase in ductal branched structures. Interestingly,
deletion of both AMdstZ and NdstZresults in significantly more primary and secondary
branching (89). Together, these data demonstrate that variably sulfated HS and their specific
interactions with GFs regulate individual stages of epithelial branching morphogenesis.

Post-synthesis modification of HS: Heparanase and Sulfatase

HS chains can be modified or removed by enzymes that specifically target them, altering the
HS function on either the cell surface or in the ECM. These enzymes include heparanases
and sulfatases, which can function within and outside the cell.

Extracellular HS turnover provides additional level of complexity to the role of HS. The
biological activity of HS in vivo is regulated by heparanase, which cleaves HS only at a few
sites, resulting in HS fragments of 5-10 kDa to regulate ECM degradation and remodeling
(90). Understanding the role of heparanase during branching morphogenesis is complicated
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by the fact that there is co-regulation of heparanase and matrix metalloproteinases (91).
Simply knocking out heparanase did not result in a reduction in branching morphogenesis.
Heparanase is robustly localized within the growing end buds of the branching mammary
gland. Surprisingly, mammary glands of heparanase knockout mice, which are viable and
fertile, show increased branching morphogenesis (91). However, an increase in expression of
MMP-2 and MMP-14 was associated with the loss of heparanase, suggesting that
compensation may occur by the release of HS via proteolytic cleavage of the HSPGs by
proteases or sheddases (91). Interestingly, mammary glands from transgenic virgin mice
overexpressing heparanase show precocious alveolar development and maturation, with
primary and secondary ducts, similar to pregnant mice (90). This suggests that HS cleavage
by excess heparanase increases GF activity to increase branching. Recently, mammary
branching morphogenesis has been shown to require reciprocal signaling by heparanase and
MMP-14, whereby the levels of MMP-14 are directly proportional to that of heparanase
levels (92). Although it is not clear how heparanase and MMP-14 regulate each other’s
levels, it can be speculated that release of GF from ECM by heparanase may allow initiation
of cell signaling that results in MMP-14 expression (92).

In ex vivo assays of SMG branching morphogenesis, endogenous heparanase colocalizes
with perlecan in the BM and within the cleft of the SMG. Inhibition or addition of active
form of heparanase decreases or increases branching of ex vivo SMG cultures, respectively
(38). In addition, heparanase specifically releases FGF10 from perlecan and activates
mitogen-activated protein kinase (MAPK) signaling, clefting and endbud formation. These
data show that ECM remodeling through HS degradation can release growth factors from
ECM reservoir, which can affect epithelial proliferation and regulate organ morphogenesis.
However, the heparanase 1, null mouse, does not have a developmental phenotype in the
SMG (91), however the compensation by other proteases has not been investigated.

The role of heparanase in kidney morphogenesis has not been explored, however its over-
expression has been implicated in renal fibrosis (reviewed in (93). This may be due to the
regulation of TGF function by heparanase. It was also speculated that cleavage of the BM
HSPGs by heparanase could unmask ECM molecules and liberate HS-bound growth
promoting factors to stimulate cell proliferation and differentiation (90).

The two glucosamine-6-sulfatases sulfatases, Sulfl and Sulf2, are extracellular 6-C-
endosulfatases that remove 6- O-sulfates from HS either in the ECM and cell surface or
within the Golgi apparatus (94, 95). These enzymes alter a number of GF signaling events
either positively or negatively by removing 6- O-sulfates (96). For example, Sulf activates
BMP signaling by releasing the HS-associated BMP agonist Noggin and allowing BMP to
interact with its cognate receptor (97). On the other hand, Sulf activity disrupts the ability of
FGF2 to induce signaling by removing 6- O-sulfate moiety that is necessary to form the
functional FGF2-HS-FGFR ternary complex (98). However, the Sulfl knockout mice show
no obvious phenotype (99) yet mice with a homozygous deletion of the sulf2 gene display
strain-specific defects in viability, growth and lung development (100). The lack of major
developmental phenotypes in these mice suggested functional redundancy. As predicted, the
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Sulfl and Sulf2 double knockout mice have a developmental defect; 50% of mice die around
birth, and among the survivors only 20% become adults that display a short stature, renal
and skeletal defects (95). Closer look at the glomerular membranes in these mice show
glomerular hypercellularity, matrix accumulation, mesangiolysis and glomerular BM
irregularity as a result of impaired growth factor signaling (Takashima et al., 2016). This
latter study indicates that fine-tuning of 6-O-sulfation by Sulfs may control multiple
functions of HS chains during morphogenesis. Less is known about sulfatases that can
remove other sulfate moieties, a glucosamine-3-O-sulfatase called arylsulfatase G, was
identified and shown to be required for complete lysosomal degradation the HS (101). It is
not known if there are extracellular enzymes that can remove N-, 2- and 3-O sulfates. In
summary, modification of HS sulfation, may control tissue regeneration by fine-tuning
precise and specific molecular interactions during branching morphogenesis.

Conclusion

Together, HSPGs of the matrix actively contribute to cell-to-cell signaling via multiple
mechanisms. HS is instrumental in the storage and concentration of heparan-binding GFs in
the vicinity of cells that bear the relevant signaling receptor. The degree of specificity of GF
signaling is influenced by the vast polymorphism of HS sequences. Therefore understanding
heparan sulfate’s role during branching morphogenesis has therapeutic implications for cell-
and GF-based regeneration and repair of branching organs.
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. Heparan sulfates (HS) are major modulators of growth factor binding and

. HS have extreme structural heterogeneity due to diverse sulfation patterns

. Sulfate structures on HS are critical determinants of growth factor specificity

. Understanding the function of HS has therapeutic implications for cell- and
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Fig. 1.
The BM separates epithelial cells from mesenchyme during SMG branching morphogenesis

and contains HS that binds growth factors and viral receptors. (A) Whole-mount staining of
E14 SMG showing perlecan staining the BM (red) surrounding the branching epithelium,
and nuclei (green). Images are 10 um confocal projections. Scale bar: 100 um. (B) Higher
magnification of the SMG endbud shows that FGF10/rFGFR2b-Fc (LACE assay, green)
binds the endogenous HS at the epithelial cell surface and colocalizes with perlecan (red) in
BM. Images are single confocal sections. Scale bar: 10 um. (C) The endbud HS also binds
the viral receptor HSV-1 gD285 protein (green) at the epithelial cell surface and colocalizes
with perlecan (red) in BM. Images are single 2 um confocal sections. Scale bar: 10 pm.

Matrix Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 19

dispase
—

E13SMG  Epithelium Mesenchyme

Rsp29
Cdht

Fgf10 H

Agrn
Hspo? \——
e —mel
Tgfbr3

Gpe2 - , H
Gpc3 —
Gped h
GPeo ———

ST | ——
S0 | —

Sdc3
Sdc4

0 25 50 75 100
Relative abundance (%)

Fig. 2.
HSPGs are differentially expressed during SMG branching morphogenesis. The epithelium

and mesenchyme of E13 SMGs were separated by dispase, and the relative expression of
HSPGs was compared in epithelium and mesenchyme by gPCR analysis. Gene expression
was normalized to Rps29. Cdhland Fgrfi0serve as controls for the separation of the
epithelium and mesenchyme, respectively. Agrn, Col18a1, Gpc4 and Sdc4 are mainly
expressed in the epithelium, whereas GpcZ, Gpc3, and Gpcé are mainly expressed in the
mesenchyme.
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Fig. 3.

Hg sulfotransferase isoform expression is developmentally regulated during SMG
organogenesis. Graphs show the relative expression in arbitrary units (AU x 100) of
sulfotransferase isoforms expressed in the SMG at 12 different stages from E11.5 to adult.
Interestingly, Hs3st1, Hs3st3al and Hs3st3b1 expression peaks during stages when
branching morphogenesis peaks. Gene expression was obtained using Agilent microarrays.
Gene expression profiles are available online at http://sgmap.nidcr.nih.gov. AdtF, adult
female; AdtM, adult male; E, embryonic day; D, postnatal day.
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3-O-sulfated HS

Fig. 4.
3-O-sulfated-HS increases FGF10-dependent epithelial morphogenesis by increasing

proliferation. E13 SMG epithelia were cultured in a 3D laminin matrix and treated with
FGF10 and either HS with low endogenous 3-O-sulfation or 3- O-sulfated-HS for 28 hr.
Epithelia were were stained for K14 (red), K19 (green), and Ki67 (cyan). Images are
confocal projections. Scale bars: 100 pm.
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Genetic deletions of HSPGs and HS sulfotransferases in mice that display a branching phenotype
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Gene/mutation

Branching phenotype

Col18a1™"~ Defective basement membrane formation-leading to hydrocephalus and anterior ocular defects (30)
Thickened basement membrane with reduced filtration capacity (31)

Sdec1™~ Reduced secondary and tertiary branching in mammary gland (102)

Gpe3™- Enhanced ureteric bud branching in kidney (34)

Extff MMTVcre*) Defective primary ductal branching in mammary gland (56)

Ndst1™~ Lens development (59), lacrimal gland induction (60), immature lungs (57)

Ndstiff MMTVcre?)

Defective lobuloalveolar expansion in mammary gland (64)

Ndstz™~

Mild increase in mammary branching (89)

Ndst1™ MMTV cre*; Ndstz”~  Hyperbranching of mammary gland (89)

Glee™~ Kidney agenesis, immature lungs (67)

Hs2st1™~ Renal agenesis (68)

Hs2stIVI(MMTV cre*) Reduced secondary ductal side branches in mammary gland (56)
Hs6st1™~ Impaired lung development (72)

Hpse'™ Mammary hyperbranching (103)

Hpse™~ Increased branching morphogenesis (91)
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