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ABSTRACT OF THE DISSERTATION

Mammary Gland Development and Function Depend upon the Structure of

Heparan Sulfate

by

Omai Brant Garner

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2007

Professor Jeffery D. Esko, Chair

To understand the function of heparan sulfate in branching morphogenesis in

the mammary gland, we have generated mice containing conditional mutations of

heparan sulfate biosynthetic enzymes in mammary epithelial cells. Tissue specific

alteration of heparan sulfate was accomplished by crossbreeding mice bearing loxP

flanked alleles with transgenic mice that express the Cre recombinase specifically in

mammary epithelia before ductal branching (MMTV Cre).In chapter 2 we show that

altering the polymerization or overall sulfation of the chain inhibits mammary

epithelial proliferation leading to failure of ductal branching. Inhibition of 2-O-
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sulfation of the chain did not inhibit proliferation but blocked dichotomous and side

branching. In contrast, diminution of overall sulfation of the chain had no effect on

branching, but blocked lobuloalveolar formation (chapter 4). In vitro studies show that

the activity of multiple heparin binding growth factors was affected. Prior studies

suggested an crucial role for hepatocyte growth factor (HGF) in mammary ductal

development, but deletion of the Met receptor (through which HGF signals) did not

effect mammary development (chapter 3). These studies demonstrate that heparan

sulfate is a key regulator in mammary development and function. This thesis provides

a springboard for examining individual growth factors in branching morphogenesis.
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Chapter 1: Heparan Sulfate in Branching Morphogenesis

1.1 Structure of Heparan Sulfate

Heparan sulfate is a type of glycosaminoglycan (GAG) characterized by

alternating uronic acid (iduronic (IdoA) or glucuronic (GlcA) acid) and D-

glucosamine units (GlcNAc). The chains are covalently linked to specific core

proteins, and the composite structures are called proteoglycans. Mammals express at

least 17 different proteoglycan core proteins. These are divided into three different

subfamilies. The membrane spanning proteoglycans include four syndecans,

betaglycan and CD44v3, and six glycophosphatidylinositol (GPI) linked membrane

proteoglycans called glypicans. There is also a group of secreted or extracellular

matrix (ECM) proteoglycans that include agrin, collagen XVIII, perlecan, and

serglycin. In addition, several minor species are expressed in a tissue specific manner

(Esko and Lindahl, 2001). Extreme heterogeneity of heparan sulfate arises by

modification of the sugar backbone, including substoichiometric epimerization of D-

GlcA to L-IdoA, N-deacetylation and N-sulfation of GlcNAc units, and O-sulfation of

both glucosamine residues and uronic acids (Esko and Lindahl, 2001). Consequently,

the composition of heparan sulfate can vary widely among different tissues giving rise

to unique binding sites for various ligands such as growth factors, morphogens, and

matrix proteins (Rapraeger et al., 1991).

The structure of heparan sulfate depends on the action of multiple

glycosyltransferases and sulfotransferases. Synthesis begins in the Golgi apparatus
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with the assembly of a linkage tetrasaccharide on serine residues on the proteoglycan

core protein. The initiating reaction is the addition of xylose by one of two

xylosyltransferases (XYLT) to specific sites found on the core protein defined by Ser-

Gly residues flanked by one or more acidic amino acids (Zhang et al., 1995). Two

galactose residues are subsequently added by galactosyltransferases, and this linkage

region is variably sulfated. Then one or more GlcNAc transferases (GLCAT) add a

single α1,4-linked GlcNAc unit to the chain, committing it toward the assembly of

heparan sulfate. Polymerization occurs by alternating addition of GlcAβ1,4 and

GlcNAcα1,4 residues under control of the EXT1/EXT2 co-polymerase. As the chain

grows, it undergoes a series of modifications that include GlcNAc N-deacetylation and

N-sulfation, uronic acid epimerization of glucuronic acid to iduronic acid, and variable

O-sulfation (Esko and Lindahl, 2001). Four N-deacetylase/N-sulfotransferase

isozymes (NDST 1-4) exist that vary in their relative ratios of N-deacetylase and N-

sulfotransferase activity as well as in their expression in different tissues. NDST

enzyme action is necessary for any further enzyme modification (epimerization or O-

sulfation) to the heparan sulfate chain. The C5 epimerase (HSGLCE) has one family

member that catalyzes the stereoisomeric transition form glucuronic acid to iduronic

acid. The glucosaminyl 6-O-sulfotransferase (HS6ST) catalyzes the addition of a

sulfate to the C6 position of GlcNAc. There are three known HS6STs that are

expressed in a tissue specific manner. The glucosaminyl 3-O-sulfotransferase

(HS3ST) catalyzes the addition of a sulfate to the C3 position of GlcNAc. There are

seven HS3ST enzymes that catalyze a similar reaction with different substrates.
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Lastly, the 2-O-sulfotransferase (HS2ST) enzyme has only one family member that

catalyzes the addition of a sulfate to the C2 position of iduronic acid. This enzyme can

also add sulfate to the C2 position of glucuronic acid. These are the enzymes active in

heparan sulfate formation in vertebrate cells (Figure 1-1). Lower organisms such as

Drosophila melanogaster and Caenorhabditis elegans also express heparan sulfate

proteoglycans but have fewer total proteoglycans and less isozymes for modification

of the heparan sulfate chain (Selleck, 2001).
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Figure 1-1: Assembly of heparan sulfate and formation of binding sites for
ligands. At least 26 enzymes participate in the formation of a fully modified heparan
sulfate chain. The modifications include the addition of a sulfate group to different
dissacharides that impart a negative charge to the chain. The pattern of negatively
charged sulfates and uronic acids creates binding sites for various protein ligands.
Figure reprinted from (Bishop, 2007).
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1.2 Many Growth Factors Bind to Heparan Sulfate

Cell surface heparan sulfate proteoglycans bind growth factors and

extracellular matrix (ECM) proteins (Bernfield et al., 1999). Cellular events associated

with heparan sulfate include cell-cell adhesion, cell-extracellular matrix adhesion,

growth factor, cytokine, and chemokine action, lipoprotein internalization and

clearance. Many growth factors including fibroblast growth factor (FGFs) (Rapraeger

et al., 1991), (Yayon et al., 1991), hepatocyte growth factor (HGF) (Zioncheck et al.,

1995), heparin binding epidermal growth factor (HB-EGF)  (Aviezer and Yayon,

1994), Wnts (Lin and Perrimon, 1999; Reichsman et al., 1996; Tsuda et al., 1999),

bone morphogenetic proteins (BMPs) (Jackson et al., 1997b; Ruppert et al., 1996), and

a number of interleukins have been found to bind to heparin (Taipale and Keski-Oja,

1997) and/or interact directly with heparan sulfate proteoglycans. Binding could have

many functions including; localization of a growth factor to the cell surface,

sequestration of a growth factor in the ECM, or increasing the affinity of the ligand for

its receptor, as has been shown for HGF and its receptor, Met, and FGFs (Sakata et al.,

1997) (Najjam et al., 1998). Interaction with heparan sulfate may shield the growth

factor from proteolytic degradation, which could result in a considerably longer half-

life.

Although much is known about binding and receptor activation from in vitro

studies, the role of heparan sulfate in vivo is very poorly understood. Recent advances

in gene knockout technology have helped to shed some light on the role of heparan

sulfate in development.  Mice deficient in heparan sulfate tend to exhibit an early
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embryonic lethality. For example, systemic deletion of Ext1 or Ext2 (heparan sulfate

co-polymerase) results in early embryonic death (E6-7) due to failure to form

mesoderm during gastrulation. These embryos show reduced Indian hedgehog

signaling (Lin et al., 2000), (Stickens et al., 2005). Heterozygotes in either gene

exhibit ectopic bone growth (exostoses), coupled with cartilage abnormalities.

Deletion of the gene encoding heparan sulfate GlcNAc N-deacetylase/N-

sulfotransferase-1 (Ndst1), one of a family of four enzymes involved in the initial

sulfation of the heparan sulfate chains, leads to perinatal lethality with lung, brain and

skeletal defects (Fan et al., 2000; Grobe et al., 2005; Ringvall et al., 2000). The lungs

exhibit atelectasis, a collapsing of the lung due to an increased glycogen content in

type II pneumocytes and a reduced number of microvilli. The forebrain defects include

cerebral hypoplasia, lack of olfactory bulbs, eye defects and axon guidance errors.

These phenotypes correlate well with mutant animals with impaired Sonic hedge hog

and FGF signaling. Deletion of two other modifying enzymes, uronyl 2-O-

sulfotransferase (Hs2st) and the glucuronyl C5 epimerase (Hsglce), causes perinatal

death due to kidney agenesis. The relevant growth factor in this system may be GDNF

(Bullock et al., 1998; Li et al., 2003; Merry et al., 2001).

Some systemic genetic modifications to the heparan sulfate chain are tolerated.

The systemic deletion of Ndst2 (Forsberg et al., 1999; Humphries et al., 1999) in mice

manifests as a deficiency in connective-tissue-type mast cells. These cells typically

make heparin (a highly sulfated form of heparan sulfate) and loss of Ndst2 results in

undersulfated chains. Most mammalian cells express both Ndst1 and 2, and the loss of
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Ndst2 is compensated by Ndst1 as no change in the heparan sulfate composition

occurs in most tissues. The systemic deletion of xylosyltransferase-2 (one of a family

of two enzymes that catalyzes the addition of xylose to the core protein) also has a

mild developmental phenotype. These animals mature normally, but then develop

polycystic kidney and liver disease which includes renal tubule dilation and biliary

epithelial cysts (Condac et al., 2007). This is probably another example of

compensation as one would predict a complete loss of xylosyltransferase activity

would lead to the absence of both heparan and chondroitin sulfate, and early arrest of

embryonic development. These knockout animals show that sulfated GAGs are

essential for embryonic development and physiology.

Conditional knockouts of heparan sulfate biosynthetic genes have revealed

specific roles for heparan sulfate in mammalian physiology. Mice lacking Ndst1

specifically in endothelial cells and leukocytes develop normally, but show impaired

neutrophil infiltration during inflammation due to altered rolling velocity correlated

with weaker binding of L-selectin. Chemokine trancytosis and presentation on the

endothelial cell surface is also reduced (Wang et al., 2005).  Mice deficient in Ndst1

specifically in hepatocytes are viable and healthy, but accumulate triglyceride rich

lipoprotein particles, indicating that heparan sulfate plays a crucial role in clearance of

hepatic lipoprotein particles (MacArthur et al., 2007).  These experiments show that

heparan sulfate plays specific roles in organ function as well as development.
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1.3 Branching Morphogenesis

Various organs rely on ductal branching, including the lung, kidney, pancreas,

salivary gland, lacrimal gland, and mammary gland (Figure 1-2). These branches are a

system of highly organized epithelial tubular networks that transport gases or fluids

and serve to increase the utilized surface area within an organ (Affolter et al., 2003).

The development of a branched epithelial organ begins with the formation of an

epithelial anlage, or bud, from an epithelial sheet. Invagination and budding are

followed by branch initiation and outgrowth. This process is repeated until the organ is

spatially organized with arborized tubules. The amount and complexity of branching

depends on the organ. Finally, differentiation of organ specific structures and

functions occurs, that are as varied as oxygen transfer in the lungs and milk production

and delivery in the mammary gland (Affolter et al., 2003).  That these processes

depend on heparan sulfate is not surprising since heparan sulfate is a major component

of basement membranes, which coordinates the interactions between stroma and

epithelia and signaling events between numerous growth factors and their receptors.



9

Figure 1-2: Multiple organs rely on branching morphogenesis. (A) The Drosophila
trachea at a stage 15 embryo. (B) Preparation of a human lung with acryl polyester.
(C) The branched collecting duct of the adult kidney. (D) Mammary gland branching
at early pregnancy. Figure reprinted from (Affolter et al., 2003).
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1.4 Heparan Sulfate, Tracheal Branching, and Lung Development

Embryonic and larval tracheal branching in Drosophila melanogaster serves as

a simple model of branching morphogenesis and give insight into mammalian

epithelial tubulogenesis as occurs in the lung and mammary gland. Both tracheal

branching and mammalian branching morphogenesis develop epithelia lined tubules

with a luminal spaces designed for the movement of air or biological fluids.

Drosophila tracheal branching begins from a single, 80 cell, epithelial sac. Six

primary branches migrate from each sac, followed by secondary and tertiary branching

(Ghabrial et al., 2003). The branches consist of an epithelial monolayer surrounding a

central lumen. This process is in part controlled by the expression of two genes,

breathless (btl)/FGFR and branchless (bnl)/FGF. Btl/FGFR is expressed on the

epithelial cells while bnl/FGF is expressed in cells surrounding the tracheal placode.

Mutant flies in either of these genes show a complete failure in tracheal branching

(Klambt et al., 1992; Reichman-Fried et al., 1994).

Heparan sulfate facilitates signaling between FGF and the FGF receptor.

Drosophila deficient in two genes critical to heparan sulfate formation, sugarless

(UDP-D-glucose dehydrogenase) and sulfateless (N-deacetylase/N-sulfotransferase

(Ndst)), show a similar, though less severe phenotype, in that tracheal branch

formation is incomplete (Lin et al., 1999). These mutants show a deficiency in btl/FGF

dependent downstream mitogen-activated protein kinase (MAPK) activation as well.

Overexpression of branchless was able to partially rescue tracheal cell branching in

both sulfateless and sugarless. This is common to heparan sulfate/FGF interactions
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that an increase in ligand overcomes the requirement for the low affinity co-receptor

(heparan sulfate).

Drosophila deficient in heparan sulfate 6-O-sulfotransferase (dHs6st) gene,

also have tracheal branching defects. RNAi interference of dHS6ST causes reduced

enzyme activity and leads to stalled tracheal branches and migration defects

(Kamimura et al., 2001).  Mimicking both sugarless and sulfateless, the dHs6st

deficient fly shows a reduction in FGF-dependent mitogen activated protein kinase

activation. Thus, one of the necessary signaling components in the FGF/heparan

sulfate complex is the addition of a 6-o-sulfate modification to the heparan sulfate

chain. Other studies show that the binding of FGF to heparan sulfate does not depend

on 6-O-sulfate groups, but binding of the receptor does. Recent work on both the

Hs6st and the Hs2st Drosophila mutants show a compensatory increase of sulfation at

other positions in response to the mutations, which maintains the overall level of

heparan sulfate charge. These findings suggest that in Drosophila, the overall sulfation

level is more important than defined heparan sulfate modifications (Kamimura et al.,

2006), and it is clear that heparan sulfate is critical to tracheal branching.

Branching morphogenesis in the mammalian lung shares many similarities

with tracheal branching in Drosophila. Lung morphogenesis includes dichotomous

branching from the tips of large ducts and is dependent on cell proliferation and

migration (Chuang and McMahon, 2003). Lung development begins with the

formation of two respiratory progenitors (lung and trachea) from the ventral foregut

endoderm at E9. Two endodermal lung buds invade the adjacent mesoderm and form
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primary buds. Secondary buds arise as outgrowth from the primary buds. Between

E10.5 and E17 the epithelium undergoes ductal branching, including bud outgrowth

and dichotomous subdivisions at the branch points(Cardoso and Lu, 2006).

Several growth factors are known to be involved in branching morphogenesis

of the lung, including Hedgehog, FGFs, and Wnt. In the FGF family, there are four

ligands expressed in the lung; FGF 1, 7, 9 and 10. (Chuang and McMahon, 2003).

Knockout models have shown that FGF10 and its receptor FGFR2b are critical to

branching morphogenesis in the lung. Genetic inactivation of either of these genes

inhibits main stem bronchial development and pulmonary branching morphogenesis

(Min et al., 1998), (Ohuchi et al., 2000).

3G10, an antibody to the heparan sulfate stub on a proteoglycan remains after

heparinases treatment, strongly labeled airway basement membranes and the

surrounding mesenchyme. EW4G27, a different antibody that recognizes a specific

structural epitope on heparan sulfate chains, only stained airway basement membranes

(Thompson et al., 2007). These findings suggest that the fine structure of heparan

sulfate is altered in a cell type specific manner to coordinate growth factor action in

the mammalian lung.

In order to explore the necessity for heparan sulfate in lung branching, in vitro

models of branching morphogenesis have been examined. Branching morphogenesis

of the lung can be partially modeled by culturing E11.5 lung explants for 72 hours

with FGF-10. Culturing lung explants in FGF-10 containing medium plus sodium

chlorate (25mM) (a heparan sulfate inhibitor) results in death within 24 hours. This is
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similar to the effect of culture without FGF-10 (Izvolsky et al., 2003). In heparinase-

III (an enzyme that cleaves heparan sulfate) treated lungs, branching morphogenesis is

disrupted as well. Excess FGF-10 provided by an implanted bead can locally

overcome the HS deficiency brought on by heparinase treatment.

Finally, the Ndst1-deficient mice show lung abnormalities. The Hsglce-

deficient mutant also displays poorly inflated lungs, but detailed studies of the cells

and relevant growth factors have not been done. By analogy to Drosophila tracheal

development, lung epithelial branching morphogenesis and function presumably

requires heparan sulfate to facilitate growth factor signaling and regulation.

1.5 Heparan Sulfate and Kidney Development/Function

Kidney branching morphogenesis is reminiscent of the other branching

systems. Multiple growth factors interact with an epithelial layer to produce a tubular

network through proliferation, remodeling, and branching. Kidney development

begins with an epithelial tube called the Wolffian duct. An epithelial outgrowth forms

from this duct called the ureteric bud (UB) that grows into the surrounding

mesenchyme and produces the collecting duct system of the kidney through ductal

branching. During each successive round of dichotomous branching, the number of

ureteric bud tips doubles. The direction of this branching process is thought to be

dictated by morphogenetic gradients of soluble factors (Pohl et al., 2000). The

epithelium can be stimulated to branch by growth factors produced from the

mesenchyme acting on the epithelium (paracrine) or from the epithelium producing its
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own autocrine factors. A wide variety of growth factors implicated in kidney ductal

branching including FGFs, transforming growth factor β (TGFβ) superfamily, glial

cell derived neurotrophic factor (GDNF), pleiotrophin, BMPs, Wnt, and hedgehog,

interact with heparan sulfate and can require this interaction for downstream signaling

(Steer et al., 2004). The extracellular matrix and basement membrane between the cell

layers may facilitate the molecular communication that regulates kidney ductal

branching.

Sulfated GAGs are present in the glomerular basement membrane (GBM)

(Kanwar and Farquhar, 1979). The GBM is the basal lamina that sits between the

epithelial podocytes and the endothelia and is the actual site of filtration between the

two cell layers. The sulfated GAGs were identified as heparan sulfate (Kanwar and

Farquhar, 1979). The heparan sulfate proteoglycans were originally thought to impart

an electric charge to the glomerular capillaries to restrict the passage of

macromolecules.

Heparan sulfate proteoglycans have also been found in the kidney (Kanwar et

al., 1984). Secreted ECM proteoglycans perlecan, agrin, and collagenXVIII are

spatially and temporally regulated in the kidney. Agrin mRNA is prominent in the

adult kidney, and seen at low levels in the fetal kidney (Groffen et al., 1998).  Agrin

accumulation is most prominent in the GBM but the Bowman’s capsule, tubule and

vascular basement membranes also stain positive. The presence of collagen XVIII has

been confirmed by both Northern blot and immunohistochemical localization

(Muragaki et al., 1995). Both syndecans and the glypicans are found in the
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mesenchyme and embryonic epithelium (Kanwar et al., 2004). Array analysis

confirms the presence of high expression of syndecan-1, and, glypican-1, 2 and 3

during early rat kidney development. The highest levels of expression are at E13-15,

when initial ureteric bud branching takes place. Syndecan-2 and syndecan-4 are found

to be highly expressed during late embryonic kidney development (Steer et al., 2004).

The function of heparan sulfate proteoglycans in renal development and

function were initially studied using chemical inhibitors of sulfation.  Embryonic

kidneys dissected at E13 of embryonic development and placed in organ culture

media, will go through a few rounds of ductal branching and some differentiation after

seven days. These cultures contain both epithelia and mesenchyme. Organ explants

treated with xylosides, an inhibitor of GAG attachment to the proteoglycan core

protein, have a dramatic effect on explant development. Treated explants show loose

interstitial matrix and a decrease in developing nephron elements with a poorly

developed ureteric bud and only a few remnants of branches (Lelongt et al., 1988).

Embryonic kidneys isolated from E11 and placed in an organ culture system display

ureteric bud growth and successive branching that induces the formation of nephrons.

Treatment with sodium chlorate, a PAPS (sulfate donor) inhibitor that reduces GAG

chain sulfation, inhibits branching and growth but does not inhibit nephron formation

(Davies et al., 1995). Treatment of E11 organ explants with heparitinase (an enzyme

that cleaves heparan sulfate) exhibited a partial inhibition of ureteric bud branching.

Subsequently, a new model of ureteric bud branching has further helped to

define the role of heparan sulfate in kidney branching. The UB can be isolated and
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cultured in Matrigel/collagen extracellular matrix. This system only contains epithelia.

When exposed to conditioned media, the isolated UB goes through extensive ductal

branching (Steer et al., 2004). The three chemical inhibitors (chlorate, heparitinase,

and xylosides) show severe effects on both the overall size and extent of UB

branching (Steer et al., 2004). Further analysis shows that chlorate treatment

diminished FGF-2 binding. Treated ureteric buds also show a diminished rate of

proliferation (Steer et al., 2004).

Systemic genetic knock outs in heparan sulfate proteoglycans and biosynthetic

enzymes have confirmed the role of heparan sulfate in kidney development. Glypican-

3 (Gpc3) deficient animals show kidney abnormalities. Induction of ureteric bud

branching is normal, however overgrowth of ureteric ductal branching is seen. This

overgrowth is accompanied by an increase in ureteric bud cell and collecting duct cell

proliferation (Cano-Gauci et al., 1999). Further analysis showed that medullary cell

proliferation was decreased, coupled with an increase in apoptosis, and BMP and

FGF7 signaling is modulated in an in vitro model. Thus the removal of one

proteoglycan in both the epithelia and stroma caused hyperbranching. In contrast to

these results, inactivation of both the Hs2st and Hsglce led to the complete loss of

kidney ductal branching. However, in both glypican-3 and the biosynthetic mutants, it

is not known whether this is due to stromal or epithelial effects.  These examples show

that determining the biological role of heparan sulfate in branching morphogenesis has

to consider the contribution of the stromal and epithelial heparan sulfate, the
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proteoglycans that are present, their spatial and temporal characteristics, and the

specific sulfation pattern on the HS chains.

1.6 Heparan Sulfate and Mammary Gland Development/Function

Unlike the lung and kidney, most of mammary gland development occurs

postnatally. At birth, the mammary fat pad (stroma consisting of adipocytes,

fibroblasts and immune cells) holds a rudimentary ductal structure of approximately

10 branches connected to an exterior nipple. This gland remains quiescent until the

beginning of the mouse estrous cycle at about 4 weeks in age. Ovarian hormones

induce rapid branching that fills the entire fat pad with arborized ductal epithelia by 10

to 12 weeks of age. At this time, the gland is capable of differentiating into a milk

producing structure with the onset of pregnancy (Figure 1-3).
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Figure 1-3: Picture representation of mammary epithelial branching. Pubertal
ductal branching begins with a small ductal tree. At the start of the estrous cycle (4
weeks), epithelial ductal branching fills the mammary fat pad. The gland sits quiescent
at sexual maturity until pregnancy, where new sets of hormones induce lobuloalveolar
development and lactation. Upon weening, the gland involutes back to a state of
sexual maturity. Figure adapted from thesis by Dr. Brett Crawford.
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Epithelial ductal branching in the mouse mammary gland is facilitated by a

bulbous cellular structure known as the terminal end bud (TEB). These form at the

ends of growing epithelial branches. TEBs consist of an outer layer of bipotent stem

cells that proliferate into the mammary fat pad creating a layer of myoepithelia, which

constitutes the outer layer of the ducts. The inner layer of the TEB consists of body

cells that apoptose to form the lumen inside the duct (Figure 1-4). The myoepithelia

lay down a thick basement membrane that surrounds the branched ductal structures. A

thick layer of stroma sits along the neck of the light bulb-shaped terminal end bud, and

may play a role in stability and direction of growth. Secondary branching can occur

along previously formed ductal branches. This coordinated process of ductal

bifurcation and branching fills the gland with a spatially regulated ductal structure.

The arborized branches are far enough apart to allow for the additional branching and

lobuloalveolar formation that happens during pregnancy.
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Figure 1-4: Schematic diagram of a mammary epithelial terminal end bud. This
picture depicts a bilayered duct with a central lumen connected to a terminal end bud
composed of cap cells and body cells. A thick stroma surrounding the neck region of
the terminal end bud consists of fibroblasts and immune cells. Adipocytes shown in
white compose the rest of the stroma. The large black arrow head points to the
beginning of a side branch. Figure reprinted from (Sternlicht, 2006).
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Sulfated GAGs are found associated with the basement membrane of epithelial

tubes. The posterior regions of TEBs are sites of intense sulfated GAG synthesis.

GAGs are also found in the stroma between ducts (Gordon and Bernfield, 1980;

Silberstein and Daniel, 1982).

Pubertal growth of the mammary epithelial ductal tree is regulated by

endocrine hormones. Estrogen is the primary hormone that promotes ductal epithelial

branching, but genetic studies have shown that glucocorticoid and growth hormone are

involved in primary branching, while progesterone is involved in side branching

(Howlin et al., 2006). The steroid-receptor expressing cells in the mammary gland are

found in the stroma adjacent to the epithelia. This means that endocrine hormones act

via a release of local growth factors by the stroma that act in a paracrine nature on the

epithelia.  These growth factors include insulin like growth factor (IGF), FGFs,

epidermal growth factor (EGFs), TGFβ, HGF, and others. This relay system has been

eloquently shown by looking at the knockout phenotypes of growth hormone and its

direct local growth factor, IGF. The addition of IGF to the growth hormone knockout

in the mammary gland reestablished ductal branching (Ruan and Kleinberg, 1999).

1.7 Heparan Sulfate/FGF and Mammary Gland Development/Function

The FGF family of growth factors are spatially and temporally regulated

during branching morphogenesis. FGF-1, FGF-2 and FGF-7 are highly expressed

during branching and produced by the stroma (Coleman-Krnacik and Rosen, 1994).

FGF-10 is expressed during mammary placode formation (Mailleux et al., 2002).
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FGFs signal through tyrosine kinase receptors known as FGFRs and a single FGF can

bind to multiple FGFR family members. There are four different receptor genes,

FGFR1-4 that encode multiple isoforms. Members of the FGFR family are localized to

the epithelia of the mammary gland (Plath et al., 1998).

Estrogen treatment of pubertal animals have shown an increase in FGF-7

mRNA levels (Pedchenko and Imagawa, 2000). This experiment suggests that FGFs

could serve as a messenger between hormones and epithelia. Genetic manipulation of

FGF family members and receptors has served to help explain their role in mammary

gland biology. Single family member knock outs of FGF-2 or FGF-7 have no aberrant

mammary phenotype, which could be due to signaling compensation by other FGF

family members (Dono et al., 1998; Guo et al., 1996). FGF-10 and FGFR2b have been

shown to be required for early mammary gland biology, but their role in pubertal

branching is unknown (Mailleux et al., 2002).  Dominant negative expression of

FGFR2(IIIb) (a receptor for a number of FGF family members) causes an inhibition of

lobuloalveolar development during pregnancy that manifests as an underdeveloped

ductal tree with fewer alveoli (Jackson et al., 1997a). These experiments show that

FGFs play a role in mammary gland development, but single growth factor knockouts

may not be an effective strategy in determining the exact role of FGFs in mammary

gland development.

The interaction of FGFs with FGFRs has been shown to involve heparan

sulfate. FGF-2 is localized to the heparan sulfate in basement membranes (Rudland et

al., 1993). Interactions with heparan sulfate is thought to increase the affinity between
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growth factor and receptor, protect growth factors from degradation, regulate diffusion

through tissue and possibly create a storage depot for later release (Bernfield et al.,

1999; Delehedde et al., 2001; Lander et al., 2002). These interactions have been well

characterized in multiple systems. In mammary gland biology, the interaction between

FGF, FGFR, and heparan sulfate may be crucial for mammary epithelial development.

1.8 Heparan Sulfate/EGF and Mammary Gland Development/Function

The EGF family of growth factors including EGF, TGFα, and amphiregulin

(AR) are all expressed during ductal branching (Snedeker et al., 1991), (Kenney et al.,

1995). HB-EGF (another EGF family member) is known to bind to EGF receptors

implicated in mammary gland development (Stern, 2003). EGF family members signal

through the ErbB family of receptor tyrosine kinases. The four ErbB receptors display

a dynamic expression and phosphorylation pattern depending on the stage of

mammary gland development (Schroeder and Lee, 1998).

Multiple in vitro and in vivo experiments suggest that EGF family members

and receptors are critical to mammary gland development. Retrovirally transduced

mammary transplants that overexpress AR develop overgrown tertiary ducts and

increased lateral branching (Kenney et al., 1996) suggesting that EGF family members

are involved in ductal branching. Mice lacking AR exhibit severely stunted ductal

growth but still maintain the capacity for lobuloalveolar development. Single

knockouts of the other EGF ligand family members do not produce mammary

phenotypes. Mice lacking EGF or TGFα also do not show no mammary phenotype.
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Systemic knockout of HB-EGF were uninformative, because the mice die shortly after

birth (Jackson et al., 2003). A triple null animal for EGF, AR, TGFα  exhibit a more

severe defect showing irregular alveolar morphology with undifferentiated epithelia

(Luetteke et al., 1999). This experiment suggests that branching depends on multiple

growth factor action.

Another method of analyzing the role of EGF growth factors in mammary

development is to target the receptors that often interact with more than one ligand.

Mammary targeted expression of a dominant negative EGFR causes a reduction in

ductal branching and a smaller mammary fat pad (Xie et al., 1997). Analysis of the

null EGFR animal was uninformative because the animals die perinatally. To avoid

this problem transplantation methods were employed to show that EGFR is essential

in the stroma to support mammary epithelial ductal branching, but is dispensable on

the surface of the epithelium. Wildtype epithelia can not grow in a fat pad devoid of

EGFR (Wiesen et al., 1999). ErbB2 (another EGF receptor) deficient epithelia exhibit

a penetration defect in which the epithelial tree advances slowly through the mammary

fat pad (Jackson-Fisher et al., 2004). These experiments provide genetic proof that the

interactions between EGF family members and receptors play an important role in

mammary gland development.

Some of the interactions between EGF ligands and receptors are regulated by

heparan sulfate. While EGF signals without the assistance of heparan sulfate, both

amphiregulin and HB-EGF are known to interact with heparan sulfate proteoglycans.

Amphiregulin can induce growth in lung epithelia, and this interaction is disrupted by
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treatment with a heparan sulfate degrading enzyme (Schuger et al., 1996). HB-EGF,

unlike EGF or TGFα, binds strongly to heparin (Raab and Klagsbrun, 1997) and HB-

EGF stimulation of smooth muscle cell migration is dependent on heparan sulfate

(Higashiyama et al., 1993). These experiments suggest that the interaction between

EGF family members and heparan sulfate may be critical for mammary development.

1.9 Heparan Sulfate/TGF-β and Mammary Gland Development/Function

Another growth factor that is spatially and temporally regulated throughout

mammary gland development is TGF-β. Early studies revealed overlapping expression

patterns of TGF-β1, 2, and 3 during pubertal ductal branching. Localization studies

confirm the presence of mature TGF-β1 along the mammary epithelium. In order to

determine the role of TGF-β in ductal branching, slow release pellets containing either

of the three TGF-β isoforms were implanted into a mammary fat pad. TGF-β release

inhibited mammary ductal elongation (Robinson et al., 1991). Upon closer

examination, it was found that ductal structures, in which budding is inhibited, show

mature TGFβ in the basement membrane. In all areas of ductal growth including

terminal end buds and lateral branches, there is an inhibition of TGF-β1localization

(Silberstein et al., 1992). These studies confirm that TGF-β1 acts as an inhibitor of

growth.

Evidence confirming the inhibitory role of TGF-β has been obtained in vivo by

examining mutant and transgenic mice. Mice overexpressing TGF-β1 show a
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reduction in total ductal tree volume, but lactation is unaffected (Pierce et al., 1993).

Transgenic mice that overexpress a dominant negative form of the TGF-β type II

receptor show a loss of responsiveness to TGF-β1 with an increase in lateral branching

(Joseph et al., 1999). Conditional knock outs of the type II TGF-β receptor gene in

mammary epithelia exhibit lobuloalveolar hyperplasia, but this phenotype regresses

after 20 weeks (Forrester et al., 2005). These experiments suggest that TGF-β is an

important inhibitor of ductal growth, but may not be the only inhibitor expressed in

ductal branching.

TGF-β1 signaling and interactions with the ECM could be mediated by

heparan sulfate proteoglycans. TGF-β family members bind to both heparin and

highly modified heparan sulfate (Lyon et al., 1997). Betaglycan, a membrane bound

proteoglycan, is referred to as the type III TGF-β receptor (Massague and Chen,

2000). Syndecan-2 has been found to regulate the TGF-β dependent increase of matrix

deposition in vitro. These findings suggest that heparan sulfate proteoglycans could

play a role in TGF-β action, and that interaction may be important for mammary

development.

1.10 Heparan Sulfate/HGF and Mammary Gland Development/Function

HGF (hepatocyte growth factor) is a growth factor that signals through the Met

tyrosine kinase receptor. The HGF-Met interaction has been implicated to play an

important role in mammary epithelial morphogenesis. In early embryonic studies,

HGF is found expressed by mesenchymal cells, and Met is found in the proximal
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epithelia (Sonnenberg et al., 1993). HGF and Met are also found to be expressed in

mouse mammary tissue. Their expression is temporally regulated; the genes are

expressed during virgin branching morphogenesis (6 weeks) and during the process of

ductal hyperbranching found in the early stages of pregnancy (Niranjan et al., 1995).

Mouse mammary fibroblasts produce HGF, while c-met is expressed on both luminal

and myoepithelia.

In vitro branching models have shown that HGF-Met may be able to facilitate

ductal branching. HGF is able to induce tubular branching morphogenesis in TAC-2

clonal human mammary epithelia cells plated in a collagen matrix (Soriano et al.,

1998) and EpH4 clonal mouse mammary epithelial cells plated in Matrigel (Niemann

et al., 1998), (Berdichevsky et al., 1994). HGF treatment of primary mouse mammary

epithelia induces tube formation in collagen gels (Kamalati et al., 1999). Finally,

organ culture reveals that HGF treatment is able to induce intensified growth resulting

in numerous main ducts. Expression of antisense oligonucleotides to HGF blocks

ductal branching of the glands (Yang et al., 1995).  In vivo overexpression studies of

HGF induces a range of alterations in the virgin mammary gland. Transgenic

overexpression of HGF in the whole animal induces a broad range of epithelial tumors

including mammary tumors (Takayama et al., 1997). Transplanted epithelia, virally

overexpressing HGF, affects the structure and multiplicity of terminal end buds,

resulting in a more highly branched gland (Yant et al., 1998). These results suggest

that HGF plays a role in ductal branching in vivo. Whole animal knockout models
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have not been informative since systemic HGF and Met knockout animals exhibit

incomplete development and die in utero (Bladt et al., 1995; Schmidt et al., 1995).

The interaction of HGF and Met may be facilitated by heparan sulfate

proteoglycans. In vitro, heparin increases the mitogenic action of HGF and causes the

oligermization of HGF (Zioncheck et al., 1995), which may facilitate interaction with

Met. Basic clusters found in HGF facilitate the interaction between HGF and heparin

(Mizuno et al., 1994). HGF also interacts with heparan sulfate, and the interaction

requires a sequence containing iduronic acid and 6-O-sulfate modifications,

differentiating it from the FGF-heparan sulfate interaction (Lyon et al., 1994).

Addition of heparin to heparan sulfate-deficient CHO cells restored HGF signaling

through Met tyrosine phosphorylation (Sakata et al., 1997). Met has also been found to

interact with heparan sulfate (Rubin et al., 2001). Chlorate (sulfation inhibitor)

treatment of renal epithelia inhibits HGF binding to the cell surface and diminishes

HGF dependent downstream signaling (Deakin and Lyon, 1999). Taken cumulatively,

this data suggests heparan sulfate facilitates the interaction between HGF and Met and

this may be crucial to mammary gland development

1.11 Heparan Sulfate/ECM and Mammary Gland Development/Function

What precedes is a list of growth factors relevant to mammary gland function

that have known heparan sulfate interactions, but this is not an exhaustive list. Other

growth factors in mammary gland biology include Wnts, which also bind to heparan

sulfate.  Recent studies demonstrate that altering 6-O-sulfation of heparan sulfate has a



29

positive influence on Wnt signaling (Ai et al., 2003).  The interaction of stromally

produced growth factors with the epithelial surface is regulated by the extracellular

matrix contained in the basement membrane. This basement membrane contains

proteoglycans, collagens, laminin, integrins and ECM degrading proteinases including

matrix metalloproteinases (MMPs). Both integrins and MMPs can interact with

heparan sulfate and play important roles in mammary gland biology.

ECM remodeling of the basement membrane has been suggested to be

important in ductal branching. An advancing epithelial duct would need to be able to

alter its immediate environment to facilitate movement. One key family of players in

this process are basement membrane degrading matrix metalloproteinases (MMPs).

These enzymes, including stromelysin-1, 3, and gelatinase A, are expressed during

ductal branching (Witty et al., 1995). MMP-2 is concentrated in the stroma with a

reduction in expression around growing branch points. MMP-3 is also found in the

stroma but shows no difference around sites of branch initiation (Wiseman et al.,

2003).  These experiments suggest that MMP expression is dynamically regulated

during ductal branching. Mammary glands treated with a broad chemical inhibitor of

MMP activity show a reduction in terminal end bud number and a lack of fat pad

invasion. Targeted expression of stromelysin-1 (MMP) in rat mammary glands leads

to hyperbranching and precocious alveolar development during pubertal branching

(Sympson et al., 1994).  MMP2 mutant animals exhibit retarded invasion of mammary

ducts showing twice as much apoptosis in terminal end buds as the wildtype

counterparts. These mutant animals also show an increase in lateral buds. MMP3
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deficient animals show a reduction in the frequency of branching and total number of

branch points (Wiseman et al., 2003). Presumably, MMPs act by helping to reshape

the ECM in front of an advancing TEB, and make progression through the gland

easier.

MMP-2, -7, -9 and –13 all bind to heparin (Yu and Woessner, 2000). Heparan

sulfate proteoglycans can act as extracellular docking molecules for MMPs. Matrilysin

(MMP7) co-localizes with heparan sulfate in uterine glandular epithelial cells. Finally,

CD44 heparan sulfate proteoglycan recruits MMP-7 and HB-EGF to the lactating

mammary epithelium and this process is disrupted in a CD44 deficient animal having

a dramatic effect on lactation (Yu et al., 2002).  Thus one way heparan sulfate

regulates mammary gland biology is through interaction with MMPs.

Integrins are heterodimers composed of an α and a β subunit that interact with

growth factor receptors. These proteins are transmembrane adhesive receptors that

transmit signals from the ECM to the cell to coordinates cytoskeletal rearrangement

and cell movement. Previous experiments suggest that integrins are involved in

mammary gland development. Implanted pellets containing function blocking

antibodies to β1 integrin reduce the number of end buds per gland and the extent of

ductal branching (Klinowska et al., 1999).  Mice expressing a dominant negative form

of β1 integrin show reduced mammary epithelial cell proliferation and increased

apoptosis during lactation (Faraldo et al., 2001). Mice deficient in α2β1 integrins

show a reduction in branching complexity during pubertal branching (Chen et al.,

2002). While the phenotypes in these animals are not overly dramatic, they show that
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integrins play a role in mammary development, but there may be compensation based

on the large numbers of different integrins. Integrins cooperate with heparan sulfate

proteoglycans to facilitate adhesion (Coombe et al., 1994), (Diamond et al., 1995).

1.12 Genetic Manipulation of Heparan Sulfate Proteoglycans and Mammary

Gland Development/Function

Previous genetic evidence in the mammary field supports a role for heparan

sulfate in mammary gland development. Mammary glands of transgenic mice

overexpressing a human heparinases (degrades heparan sulfate) show hyperbranching

and precocious alveolar development (Zcharia et al., 2001) suggesting that cell surface

heparan sulfate chains help to regulate the space found between ductal branches.

Mutants lacking syndecan-1, a cell surface proteoglycan found on mammary epithelial

cells, show reduced mammary gland branching and have a 50% reduction in terminal

end buds during pubertal branching suggesting that this proteoglycan is partially

involved in terminal end bud formation (Liu et al., 2004). Both of these mutants are

systemic, affecting both the stroma and the epithelia in the mammary gland. The

question still remains whether epithelial heparan sulfate is critical for mammary ductal

branching. Mutants lacking other proteoglycans either die embryonically, or do not

display severe mammary phenotypes. Multiple proteoglycans are expressed in

mammary epithelia. Thus, it is possible that dramatic effects on mammary gland

branching are not exhibited in single proteoglycan knock out animals due to

compensation by other proteoglycans. This thesis clearly defines the importance of
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heparan sulfate in mammary gland ductal branching and demonstrates selective

changes in development dependent on structural attributes of the chains.

1.13 Conclusions

The mammary gland represents a unique system for the study of epithelial

ductal branching. Since the majority of mammary development occurs postnatally, the

system imparts some advantages including work on adult animals and transplantation.

Mammary gland development has been well characterized using a large number of

knockout animals, and important roles for many growth factors and extracellular

matrix components have been proven. Many, if not all, of these factors bind to heparan

sulfate proteoglycans or heparin. Therefore, it is likely that endogenous heparan

sulfate plays a critical regulatory role in mammary epithelial branching and

development. This hypothesis is consistent with previous data from other branching

systems, including the Drosophila trachea, and mammalian lung and kidney.

Earlier work in mammary gland biology has confirmed the presence of sulfated

GAGs in mammary development. Surviving mice deficient in single proteoglycans did

not show overt mammary phenotypes, probably due to the fact that multiple families

of proteoglycans exist in the mammary gland. A better strategy to study heparan

sulfate in vivo, would be to target the biosynthetic machinery responsible for glycan

addition and sulfation.

Mice systemically deficient in heparan sulfate biosynthetic enzymes and core

proteins reveal the requirements of specific mutations in embryonic and organ
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development. However, many of these mutant animals display phenotypes that

precede mammary gland development, and therefore they are uninformative. In this

thesis, conditional knockouts of biosynthetic enzymes have been prepared. Mammary

epithelial specific alterations of any gene was accomplished through tissue specific

deletion of genes using Cre-loxP system (Wagner et al., 1997)(Wagner et al., 2001).

Transgenic mice that express the Cre recombinase specifically in mammary epithelia

before ductal branching (MMTV Cre) were used. This system allows for a

structure/function analysis of heparan sulfate in the mammary gland. It also permits

one to distinguish between epithelial cell versus stromal effects.

In chapter 2 we show that epithelial heparan sulfate is critical to mammary

ductal branching by altering the polymerization or overall sulfation of the chain.

Furthermore, small changes in chain sulfation lead to different ductal phenotypes. In

chapter 4, we show that lobuloalveolar formation and milk production rely on Ndst1

expression. We believe an inefficient signaling, mediated by multiple growth factors,

causes these phenotypes.
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Chapter 2: Mammary Ductal Branching Depends on Heparan Sulfate

Fine Structure

2.1 Summary

We have examined the role of epithelial heparan sulfate in mammary gland

branching by specifically targeting the biosynthetic machinery responsible for heparan

sulfate polymerization and modification in vivo. Mammary epithelia lacking EXT1

(heparan sulfate co-polymerase) fail to undergo ductal branching in response to

pubertal hormones released at the onset of the estrous cycle. This phenotype is

dramatic and highly penetrant.  Some variability in the penetrance was observed due

to inefficient Cre recombinase activity. Mammary epithelia lack Ndst1 and Ndst2

(heparan sulfate sulfotranseferases necessary for all chain modification) exhibit a

similar phenotype. Inhibition of chain polymerization and overall sulfation block

epithelial proliferation leading to a loss of all tubular structures. In contrast, mammary

epithelia deficient in Hs2st (an enzyme that adds 2-O-sulfate groups to uronic acids in

heparan sulfate) show defects in the number and complexity of branched epithelia.

Mutant glands had decreased secondary branches and fewer bifurcated terminal end

buds. These studies show that (i) MEC heparan sulfate exhibits a cell autonomous

effect on development and (ii) the pattern of sulfation of the chain determines the

extent of dichotomous branching and side branching.  These findings suggest that a
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specific set of growth factors or extracellular matrix components interact with the

heparan sulfate side chains of epithelial proteoglycans.

2.2 Introduction

Various organs undergo branching morphogensis, including the lung, kidney,

pancreas, salivary gland, lacrimal gland, and mammary gland. Ductal branches formed

in this way constitute a system of highly organized tubular networks lined with

epithelia that transport gases or fluids.  Branching serves to increase the utilized

surface area within an organ (Affolter et al., 2003). The molecular mechanisms

responsible for proliferation and arborization of the epithelial tree have not been fully

characterized.  Extracellular matrix molecules, such as proteoglycans, are produced by

epithelial cells and deposited in basement membranes surrounding the ducts.  Their

role in branching morphogenesis has not been studied genetically.

 The mammary gland provides an excellent system for studying the role of

proteoglycans in branching morphogenesis. At birth, the mammary fat pad stroma

consisting of adipocytes, fibroblasts and immune cells holds a rudimentary ductal

structure of approximately 10 branches connected to an exterior nipple. The gland

remains quiescent until the beginning of the mouse estrous cycle at about 4 weeks

postpartum. Ovarian hormones induce rapid branching morphogenesis, which results

in arborized ductal epithelia filling the entire fat pad by 10 to 12 weeks of age. At this

time, the gland is capable of differentiating into a milk producing structure consisting

of lobuloalveoli with the onset of pregnancy.
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Epithelial ductal branching in the mouse mammary gland occurs via a bulbous

cellular structure known as the terminal end bud (TEB). TEBs consist of an outer layer

of bipotent stem cells that proliferate into the mammary fat pad creating a layer of

myoepithelia, which constitutes the outer layer of the ducts. The inner layer of the

TEB consists of body cells that apoptose to form the lumen inside the duct. The

myoepithelia lay down a thick basement membrane that surrounds the branched ductal

structures. Secondary branching can also occur along previously formed ductal

branches.  Coordination of TEB growth and secondary branching fills the gland during

puberty.

Pubertal growth of the mammary epithelial ductal tree is regulated by

endocrine hormones. Estrogen, glucocorticoids and growth hormone are involved in

primary branching, while progesterone is involved in side branching (Howlin et al.,

2006). Mammary epithelial cells do not express steroid-receptors, but the surrounding

stroma responds to steroid hormones by releasing growth factors that act in a paracrine

fashion on the epithelia.  These growth factors include insulin like growth factor

(IGF), fibroblast growth factors (FGF), epidermal growth factor (EGF), transforming

growth factor β (TGFβ), hepatocyte growth factor (HGF), and others. All of these

factors interact with heparin or heparan sulfate, which is found associated with the

basement membrane of epithelial tubes and on the surface of epithelial cells (Gordon

and Bernfield, 1980; Silberstein and Daniel, 1982).

Previous genetic evidence supports a role for heparan sulfate in mammary

gland development. Mammary glands of transgenic mice overexpressing a human
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heparanase, an enzyme that degrades heparan sulfate, show hyperbranching and

precocious alveolar development (Zcharia et al., 2001). Mutants lacking syndecan-1, a

cell surface proteoglycan found on mammary epithelial cells, show reduced mammary

gland branching and have a 50% reduction in terminal end buds during pubertal

branching (Liu et al., 2004). However, because these mutations are systemic, they do

not provide insight into the relative contribution of heparan sulfate from the epithelial

cells versus the stroma.  Furthermore, the results may have underestimated the

importance of heparan sulfate since the mutations did not completely inhibit heparan

sulfate production.

To study further the role of epithelial heparan sulfate in mammary gland

branching, we have inactivated genes responsible for heparan sulfate polymerization

and modification specifically in mammary epithelial cells using the Cre-loxP system.

Mammary epithelia lacking EXT1, the heparan sulfate co-polymerase, fail to undergo

ductal branching. Mammary epithelia lacking Ndst1 and Ndst2 (heparan sulfate

sulfotransferases necessary for all subsequent chain modifications) exhibit a similar

phenotype. In contrast, mammary epithelia deficient in Hs2st (an enzyme that adds 2-

O-sulfate groups to heparan sulfate) show defects in the number and complexity of

branched epithelia.
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2.3 Results

Ductal branching depends on sulfation.  To study the role of heparan sulfate

in ductal branching, we analyzed the affect of chlorate, an inhibitor of sulfation, on a

model of ductal branching. Primary mammary epithelia plated into growth factor

reduced Matrigel form a spheroid within 24 hours (Fig 2-1A, black arrow).  Treatment

with FGF-2 for 7 days induces ductal branching (Fig 2-1B, black arrow). Heparan

sulfate interacts with growth factors through variable sulfation tracks found along the

carbohydrate chain. Treatment with chlorate inhibits PAPS, the sulfate donor, and can

reduce the amount of functional heparan sulfate on the surface of the cell. FGF-2 binds

specifically to heparan sulfate on the cell surface, so FGF-2 binding can be used as an

heparan sulfate specific marker. Primary mammary epithelial cells grown in tissue

culture dishes showed a significant reduction in cell surface heparan sulfate upon

treatment with chlorate (Fig 2-1C, grey line wild type, black line chlorate treated.) To

test the role of heparan sulfate in this model of branching, we treated primary

mammary epithelia in Matrigel with FGF-2, in the presence of increasing amounts of

chlorate. Treatment with 45mM chlorate reduced the percent of branched spheroids

(spheroids that grow from a sphere to a ductal structure) from 90% to 15% (Fig 2-1D).

This inhibition increased from 45mM chlorate to 90mM chlorate but was concurrent

with an overall loss of spheroids to due cell death. There was no reduction in overall

spheroid number after 7 days of treatment with 45mM chlorate versus untreated

epithelia (Fig 2-1E). These data indicate that FGF-2 mediated ductal branching is

dependent on sulfation.
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Figure 2-1: FGF-2 mediated in vitro mammary epithelial ductal branching is
sulfate dependent. Isolated primary mammary epithelial cells were plated into growth
factor reduced Matrigel in Hams F12, ITS buffer, and penicillin. (A, black arrow)
Spheroids formed within 24 hours. (B, black arrow) Upon treatment with FGF-2
(300ng/ml) for 7 days, spheroids formed branched organoids structures. (C) Mammary
epithelial cells were reacted with biotinylated FGF-2, stained with PE-Cy5-
streptavidin and analyzed by flow cytometry. Black line curve, Wild type mammary
epithelial cells with biotinylated FGF-2 grown in the presence of 45mM sodium
chlorate for three days; grey line curve, Wildtype mammary epithelial cells with
biotinylated FGF-2. (D) Increasing concentrations of sodium chloride had an
inhibitory affect on spheroid branching. (E) At 45mM sodium chlorate, there is no
adverse affect on spheroid formation.
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Multiple growth factors in mammary gland development depend on

sulfation. The mammary gland uses a variety of local growth factors to translate

hormonal signals from outside the gland, through the stroma, and to the growing

epithelia. This list of growth factors includes members of the FGF family and

members of the EGF family. To test whether these growth factors rely on heparan

sulfate to facilitate signaling, growth, and ductal branching, we used chlorate to inhibit

sulfation in the model of ductal branching shown in Figure 2-1. Singular treatment

with a variety of growth factors is able to produce ductal structures from spheroids.

We tested FGF-2, -7, -10, and HB-EGF with 45mM chlorate (Fig. 2-2).  Spheroids

branched at a rate of 80% with treatment of FGF-2 for 7 days (Fig. 2-2A). 45mM

chlorate treatment was able to inhibit branching by 70% (Fig. 2-2A).  Treatment with

45mM sodium chloride had minimal affect on ductal branching, showing that the

inhibitory response was not an osmotic effect (Fig. 2-2A). The inhibitory response to

45mM chlorate could be overcome by adding 5mM sulfate back to the media (Fig. 2-

2A). All of the other growth factors tested behaved in a similar manner as FGF-2,

suggesting that multiple growth factors involved in mammary epithelial ductal

branching rely on sulfation to mediate branching.
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Figure 2-2:  Multiple growth factors are sensitive to chlorate treatment. (A) FGF-
2 treated spheroids branched at 80%. 45mM sodium chlorate treatment inhibited
branching to 10%. 45mM sodium chloride treatment showed minimal effect.
Treatment of spheroids with 45mM sodium chlorate and 5 mM sodium sulfate rescued
branching to 30%. Other growth factors (B) FGF-7, (C) HB-EGF, (D) FGF-10
showed a similar sensitivity.
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Mammary ductal branching depends on heparan sulfate. To study the role

of heparan sulfate in mammary gland branching morphogenesis, we inactivated Ext1,

the copolymerase, selectively in mammary epithelial cells. MMTV Cre mice express

the Cre recombinase in mammary epithelia at day 6 postpartum (Wagner et al., 2001).

Cross breeding mice with a conditional allele of Ext1 (Ext1f/f) resulted in littermate

pairs of Ext1f/f MMTV Cre+ (mutant) mice and Ext1f/f MMTV Cre- (wildtype) mice.

Mice of both genotypes were seen at the expected Mendelian frequency.

To examine the effect of the mutation on ductal branching, the fourth inguinal

mammary gland was dissected at 10 to 12 weeks postpartum, when wildtype ductal

branching is complete. Whole mounts were prepared and stained with hematoxylin,

which revealed variable growth of the ductal network in the mutant.  A scoring system

was created to determine the extent of inhibition of growth (Fig 2-3A). Glands that

exhibited an absence of ductal growth received a score of 1. Ductal trees that grew

from the nipple but stopped prior to the lymph node was given a score of 2. A tree that

progressed pass the lymph node but halted before the end of the fat pad distal to the

nipple received a score of 3. Growth that completely filled the fat pad received a score

of 4. Using this system, all wildtype (Ext1f/fMMTV Cre-, n = 10) mice and

heterozygotes (Ext1f/wtMMTV Cre+, n = 36) had a score of 4 (Fig 2-3B and I), i.e. the

fat pad was filled. In contrast, 31% of mutant mice (Ext1f/fMMTVCre+) were devoid of

any ductal growth (n = 54, Fig 2-3C and I). About 2-3% of mutant mice had scores of

2 or 3.  Thus, about 35% of the glands were affected, whereas 63% of mutant glands

exhibited the wild type phenotype (Fig 2-3D). A comparison of tissue sections
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prepared from wildtype of score 4 and a mutant with a score of 1) confirmed that the

mutant lacked ductal structures (Fig 2-3E and 2-3F).

A defect in ductal branching can be caused by mistakes in terminal end bud

(TEB) production and development. To take a closer look at the branching process, we

examined mutant versus wildtype gland at 5 weeks postpartum, a period of rapid

ductal expansion. Ext1f/f MMTV Cre- glands all exhibited a wildtype phenotype at 5

weeks (Fig. 2-3G). Ext1f/f MMTV Cre+ glands showed a lack of ductal structures (Fig

2-3H) at a frequency similar to the 10 to 12 week analysis. These experiments show

that ductal branching requires a mammary epithelial specific heparan sulfate chain.
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Figure 2-3: Ext-1 deficient mammary glands show defects in branching
morphogenesis. Whole mounts and sections of the fourth inguinal glands. (A)
Schematic diagram of the fourth inguinal mouse mammary gland showing the nipple
(N) and the lymph node (LN). Growth is measured from the nipple. Growth score of
(1) is an abrogation of ductal epithelial growth, (2) is growth that stops before the
lymph node, (3) is growth that is past the lymph node, but does not fill the entire
gland, and (4) is a fully branched ductal epithelium. (B) Whole mount of Ext1f/f

MMTV cre- gland at ten weeks. (C) Whole mount of Ext1f/f MMTV cre+ gland at ten
weeks (score of 1). (D) Whole mount of Ext1f/f MMTV cre+ gland at ten weeks (score
of 4). (E) Histological section of Ext1f/f MMTV cre- gland at ten weeks. Black arrows
denote mammary epithelial ducts. (F) Histological section of Ext1f/f MMTV cre+ gland
at ten weeks (score of 1). (G) Whole mount of Ext1f/f MMTV cre- gland at 5 weeks. (H)
Whole mount of Ext1f/f MMTV cre+ gland at five weeks. (I) Table representing the
number of Ext1f/f MMTV cre-, Ext1f/wt MMTV cre+ and Ext1f/f MMTV cre+ glands and
the respective growth scores.
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Cre inefficiency and Ext1 inactivation. The previous data suggests that Ext1

is critical for mammary ductal branching, but the variation in the phenotype (only 37%

of animals displayed a growth phenotype) leads to some new questions. Are the Ext1

deficient glands with a score of 4, able to participate in ductal branching without

functional heparan sulfate, or are the Ext1 deficient glands wildtype as a result of

MMTV Cre inefficiency at the Ext1 locus? To study this problem, we took advantage

of FGF-2 binding to heparan sulfate, to examine the cell surface heparan sulfate on

isolated primary epithelia. Ext1f/f MMTV Cre- epithelia bind FGF-2 (Fig. 2-4A-C grey

line) in a heparan sulfate specific manner. Treatment of isolated epithelia with heparin

lyase, an enzyme that cleaves heparan sulfate chains, showed a two log reduction in

FGF-2 binding (Fig 2-4A, black line). To test cre efficiency in vitro, Ext1f/f MMTV

Cre- epithelia were treated with Adenovirus cre, which has previously shown to

achieve 95% inactivation. Ext1f/f MMTV Cre- cells treated with Adenocre exhibited a

similar reduction (Fig 2-4B, black line) in FGF-2 binding as compared to heparin

lyase treatment. Finally, we examined the cell surface heparan sulfate in Ext1f/f MMTV

Cre+ mammary glands. Isolated epithelia from these animals necessarily had to come

from glands that produced epithelia (a score of 2 or higher). Ext1f/f MMTV Cre+

epithelia had a similar FGF-2 binding profile (Fig 2-4C) to wildtype. This signified

that the variation in the phenotype was due to MMTV cre inefficiency and that Ext1 is

critical for ductal branching.



59

Figure 2-4: MMTV Cre expression is inefficient in Ext1f/f MMTV cre+ glands.
Isolated mammary epithelial cells were treated with FGF2 to measure cell surface
heparan sulfate. (A-C) Grey line, Ext1f/f MMTV cre- epithelia treated with FGF2. (A)
Black line, Ext1f/f MMTV cre- epithelia treated with heparan lyase and probed with
FGF2. (B) Black line, Ext1f/f MMTV cre- epithelia treated with adenovirus Cre and
probed with FGF2. (C) Black line, Ext1f/f MMTV cre+ epithelia probed with FGF2
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Mammary ductal epithelial branching depends on heparan sulfate chain

modification. The Ext1 gene encodes the heparan sulfate polymerase. Cell surface

heparan sulfate on epithelia deficient in this gene, only contain the five linker sugar.

This mutant brings up the question of whether the chain of repeating disaccharides is

involved in morphogen interaction, or is the interaction mediated by the sulfation

modification along the chains? To study the role of sulfation modification in

mammary ductal branching we inactivated Ndst1 selectively in mammary epithelial

cells on an Ndst2 deficient background. Singularly, neither Ndst1 nor Ndst2 deficiency

has a role in pubertal branching. The knockout strategy will successfully eliminate

chain sulfation by targeting the Ndst isoforms that are critical to all other sulfation

modifications. The breeding resulted in littermate pairs of Ndst1f/f MMTV Cre+ Ndst2-/-

(mutant) mice and Ndst1f/f MMTV Cre- Ndst2-/- (wildtype) mice. Mice of both

genotypes were seen at the expected Mendelian frequency. We followed the same

model of growth as seen in Figure 2-3. Ndst1f/f MMTV Cre- Ndst2-/-  mice all exhibited

a wildtype mammary ductal growth score (Fig 2-5B, and G). 18% of Ndst1f/f MMTV

Cre+ Ndst2-/- mice were devoid of any ductal growth (Fig 2-5C, and G). 23% of

Ndst1f/f MMTV Cre+ Ndst2-/- glands showed growth that stopped at a score of 2 or 3

(Fig 2-5D and E). Animals aged to 9 months showed a similar distribution of growth

(data not shown) 59% of mutant glands exhibited the wild type phenotype (Fig 2-5F).

These results are summarized in table form (Fig 2-5G). This experiment suggests that

ductal branching is dependent on sulfation modification along the heparan sulfate

chain.
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Figure 2-5: Ndst deficient glands show defects in ductal branching. Whole mounts
and sections of the fourth inguinal glands. (A) Schematic diagram of the fourth
inguinal mouse mammary gland showing the nipple (N) and the lymph node (LN). (B)
Whole mount of Ndst1f/f MMTV Cre- Ndst2-/- gland at ten weeks. (C) Whole mount of
Ndst1f/f MMTV Cre+ Ndst2-/- gland at ten weeks (score of 1). (D) Whole mount of
Ndst1f/f MMTV Cre+ Ndst2-/- gland at ten weeks (score of 2). (E) Whole mount of
Ndst1f/f MMTV Cre+ Ndst2-/- gland at ten weeks (score of 3). (F) Whole mount of
Ndst1f/f MMTV Cre+ Ndst2-/- gland at ten weeks (score of 4). (G) Table representing the
number of Ndst1f/f MMTV Cre-,  Ndst1f/f MMTV Cre- Ndst2-/-, and Ndst1f/f MMTV Cre+

Ndst2-/-  glands and the respective growth scores.
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Ndst deficient ducts display hyperbranching and cellular chimerism in the

level of sulfated cell surface heparan sulfate. A closer examination of Ndst1f/f

MMTV Cre+ Ndst2-/- mutant glands revealed pubertal hyperbranching. Ndst1f/f MMTV

Cre- Ndst2-/- littermate pairs show regular spacing between ducts in a whole mount

(Fig 2-6A) or histology section (Fig. 2-6C, black arrows point to ducts). Ndst1f/f

MMTV Cre+ Ndst2-/- glands show a marked increase in branching by whole mount

(Fig. 2-6B) and histology section (Fig. 6D, black arrows point to ducts). This result

was quantified by comparing total number of ducts in a section per area of the fat pad.

The hyperbranching phenotype was seen in Ndst1f/f MMTV Cre+ Ndst2-/- mutant

glands, regardless of the growth score (Fig. 2-6D, E, and F). To examine the efficiency

of MMTV cre inactivation, we looked at the cell surface heparan sulfate in Ndst1f/f

MMTV Cre+ Ndst2-/- glands (Fig. 2-6F black line) in comparison to Ndst1f/f MMTV Cre-

Ndst2-/- glands (Fig. 2-6F, grey line). Isolated epithelia from these animals necessarily

had to come from glands that produced epithelia (a score of 2 or higher). Ndst1f/f

MMTV Cre+ Ndst2-/- cells showed two distinct populations of FGF-2 binding cells. One

bound at the level of Ndst1f/f MMTV Cre- Ndst2-/- cells while the other population

showed a significant decrease in binding. This apperant chimerism may lead to the

hyperbranching phenotype.
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Figure 2-6: Ndst deficient glands show hyperbranched epithelial ducts Whole
mounts and sections of the fourth inguinal glands. (A) Whole mount of Ndst1f/f MMTV
Cre- Ndst2-/-  gland at 10 weeks (B) Whole mount of Ndst1f/f MMTV Cre+ Ndst2-/-

(score of 4) gland at 10 weeks (C) Histology section of Ndst1f/f MMTV Cre- Ndst2-/-

gland at 10 weeks (black arrows point to ducts) (D) Histology section of Ndst1f/f

MMTV Cre+ Ndst2-/-  gland at 10 weeks (black arrows point to ducts) (E) Quantification
of gland hyperbranching measured in number of ducts per area of fat pad (F) FGF2
binding to Ndst1f/f MMTV Cre- Ndst2-/-  isolated epithelia (grey line) and Ndst1f/f

MMTV Cre+ Ndst2-/-  isolated epithelia (black line).
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Hs2st participates in primary and secondary branching. Ext-1 deficiency

represents a drastic change to mammary epithelial cell heparan sulfate. To examine the

affect of minor changes to the mammary epithelial cell heparan sulfate on ductal

branching, we targeted the 2-O-sulfotransferase gene (Hs2st). The HS2ST enzyme

transfers a sulfate to the 2 position of an iduronic acid of a heparan sulfate chain. This

modification is crucial to the heparan sulfate binding of many growth factors found in

mammary gland development including FGF-2. We inactivated Hs2st selectively in

mammary epithelial cells by cross breeding mice with a conditional allele of Hs2st

(Hs2stf/f) to MMTV Cre mice. The breeding resulted in littermate pairs of Hs2stf/f

MMTV Cre+ (mutant) mice and Hs2stf/f MMTV Cre- (wildtype) mice. Mice of both

genotypes were seen at the expected Mendelian frequency. Hs2stf/f MMTV Cre- glands

at 10-12 weeks (Fig. 2-7A and C) appeared to have a wildtype amount of branching.

Hs2stf/f MMTV Cre+ glands showed a reduction in overall branching (Fig. 2-7B).

There were long stretches of epithelial tube without any branch points (Fig. 2-7D).  To

statistically represent the loss of branching found in Hs2stf/f MMTV Cre+ glands, we

counted the total number of branch points per high powered field. The Hs2stf/f MMTV

Cre+ glands exhibited a three fold reduction in branching (Fig 2-7G).

Ductal branching is divided into two different mechanisms. Primary branching

is facilitated by bifurcation and proliferation of the terminal end buds (TEBs).

Secondary branching occurs from existing ductal structures. We examined glands

from both wildtype and mutant mice at 5 weeks of age (during ductal branching).

Hs2stf/f MMTV Cre- glands had a wildtype amount of TEBs and showed secondary
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ductal branching (Fig. 2-7E). Hs2stf/f MMTV Cre+ glands seemed to show a reduction

in both TEB number and exhibited a complete lack of secondary ductal branching (Fig

2-7F).

To determine the extent of cell surface heparan sulfate alteration in Hs2stf/f

MMTV Cre+ glands, we isolated mammary epithelia and used FGF-2 as a heparan

sulfate probe. FGF-2 binding is dependent on the 2-O-sulfate modification for binding

to heparan sulfate. CHO-K1 cells bound FGF-2 (Fig. 2-7H, grey line) but CHO cells

deficient in 2ost (pgsF17) exhibited a three log reduction in FGF-2 binding (Fig 2-7H,

black line). Primary mammary epithelia isolated from Hs2stf/f MMTV Cre- glands

bound FGF-2 (Fig. 2-7I, grey line), but cells isolated from Hs2stf/f MMTV Cre+ glands

had a reduction in FGF-2 binding (Fig. 2-7I, black line). These results suggested that

the deficiency in branching seen in Hs2st deficient glands is due to a change in the cell

surface heparan sulfate of the epithelial cells.
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Figure 2-7. Hs2st deficient glands show decreased ductal branching. Whole
mounts of the fourth inguinal mammary gland. (A, C) Hs2stf/f MMTV cre- gland at ten
weeks. (B, D) Hs2stf/f MMTV cre+ gland at ten weeks. (E) Hs2stf/f MMTV cre- gland at
five weeks. (F) Hs2stf/f MMTV cre+ gland at five weeks. (G) Graph that shows the
number of branch points per 1mm2 in a ten week gland in Hs2stf/f MMTV cre- versus
Hs2stf/f MMTV cre+ animals. (H) CHO cells reacted with biotinylated FGF-2, stained
with PE-Cy5-streptavidin and analyzed by flow cytometry. Black line curve, 2ost
deficient CHO with biotinylated FGF-2; grey line curve, Wildtype CHO cells with
biotinylated FGF-2. (I) Black line curve, Hs2stf/f MMTV cre+ mammary epithelial cells
with biotinylated FGF-2; grey line curve, Hs2stf/f MMTV cre- mammary epithelial cells
with biotinylated FGF-2.
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2.4 Discussion

Previous work in the mammary field suggests that sulfated GAGs are present

in growing mammary ducts, and that proteoglycans may have an effect on mammary

ductal branching. To examine if these interactions are necessary for pubertal

branching, we targeted mammary epithelial heparan sulfate production by inactivating

the biosynthetic enzymes responsible for heparan sulfate polymerization and

modification using the Cre recombinase under the control of the MMTV promoter.

Altering heparan sulfate production had a striking effect on branching morphogenesis

and the targeting of specific modifications along the chain led to aberrant phenotypes.

Mammary epithelia lacking EXT1 (heparan sulfate co-polymerase) fail to

undergo ductal branching in response to pubertal hormones released at the onset of the

estrous cycle. This phenotype is dramatic and highly penetrant and has not been

observed in proteoglycan core protein gene knockouts.  Some variability in the

penetrance was observed due to inefficient Cre recombinase activity, but this seems

like a minor shortcoming in the system. Since multiple heparin-binding growth factors

are important to mammary ductal branching (Jackson et al., 1997; Luetteke et al.,

1999; Yant et al., 1998), the complete loss of heparan sulfate chains probably affects

multiple steps.  It could also alter ECM formation and tissue organization. A major

effort needs to be devoted to defining the specific growth factors and matrix molecules

affected in this system.
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The Ext1 mutant defines a role for the heparan sulfate chain in mammary

epithelial ductal branching, but does not address the importance of chain modification.

To look at the role of sulfation, we produced mammary epithelia deficient in both

NDST1 and NDST2. These isozymes initiate chain modification by creating the

preferred substrate for all subsequent downstream modifications. Thus, an Ndst-

deficient cell produces a chain devoid of any sulfate groups. Complete loss of both

Ndst1 and Ndst2, which occurs in 25% of mutant glands, blocked the ability of

epithelia to form ducts and branch.  This result implies that the chain by itself is not

sufficient for epithelial duct formation.

Interestingly, inactivation of Ndst1 and Ndst2 in vivo yielded a significant

proportion of glands containing a mixture of Ndst1-/-Ndst2-/- and Ndst1+/+Ndst2-/- cells,

likely due to inefficient Cre recombination and rescue of doubly mutant cells by cells

expressing partially sulfated heparan sulfate.  Examination of these glands revealed

pubertal hyperbranching. A dramatic increase in both bifurcated end bud branching as

well as side branching occurred. The hyperbranching phenotype is seen, regardless of

the stage of growth arrest in the gland.

To further explore the role of specific sulfation events along the heparan

sulfate chain in mammary epithelial ductal branching, we targeted HS2ST, which adds

a 2-O-sulfate group to uronic acids. Mammary epithelia deficient in Hs2st show

defects in the number and complexity of branched epithelia. Examination of mutant

glands during ductal branching reveal a decrease in secondary branches and bifurcated

terminal end buds. This result is very important, because it implies that a specific set



71

of growth factors and extracellular matrix components control secondary branching by

interacting with the 2-O-sulfate groups on heparan sulfate chains. The importance of

these studies is that (i) we have shown that MEC heparan sulfate has a cell

autonomous effect on development; and (ii) the pattern of sulfation of the chain

determines the extent of dichotomous branching, side branching, and formation of

lobuloalveoli.  We infer that that the way that this structural information is translated

by cells is via binding and activation of different sets of heparin-binding growth

factors and ECM components in the gland.

Many growth factors relevant to mammary gland development bind to heparan

sulfate including FGF family members (Rapraeger et al., 1991), EGF family members

(Aviezer and Yayon, 1994) and HGF (Zioncheck et al., 1995), To examine if heparan

sulfate interacts with different growth factors during branching, we set up an in vitro

system using Matrigel supplemented with growth factors. The results showed that in

vitro mammary epithelial ductal branching can be induced by multiple members of the

FGF family and HB-EGF, and this system depends on sulfation.

Single growth factor knockouts in the mammary gland rarely abrogate ductal

growth. Compensation by different sets of growth factors could account for the mild

phenotypes. Because many of these growth factors bind to heparan sulfate, altering its

formation is equivalent to a combined mutation of multiple growth factors. Taking that

into consideration, it is no surprise that heparan sulfate deficiency completely

abrogates branching, and that small changes along the heparan sulfate chain have

dramatic effects.
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2.5 Materials and Methods

Transgenic Mice. All animals were handled in accordance with protocols for

the humane treatment of animals approved by the IACUC and Animal Subjects

Committee at the University of California San Diego. Mice bearing a loxP flanked

allele of Ext1 (Ext1f/f) were obtained from Dr. Y. Yamaguchi (Burnham Institute, La

Jolla, CA). Mice bearing a loxP flanked allele of Hs2st (Hs2stf/f) were created in the

Esko lab. The MMTV Cre line “A” mice in the 129 background was obtained from

Dr. T. Wynshaw-Boris (University of California, San Diego) (Wagner et al., 1997)

(Wagner et al., 2001). Cross breeding between the genotypes was initiated to obtain

Ext1 f/f MMTV cre- and Ext1 f/f MMTV cre+ littermates and Hs2st f/f MMTV cre- and

Hs2st f/f MMTV cre+ littermates. Only male mice carrying the MMTV Cre allele were

used for breeding to avoid deletion of the conditional allele by Cre expression in

oocytes. All the experiments were done with mice on a mixed background with

littermate controls. Quantitative and qualitative aspects of phenotypes did not change

with further crossing of c-met f/f MMTV cre- females and c-met f/f MMTV cre+ females.

Cell Culture. Primary mammary epithelia were isolated and cultured

following an established protocol (Pullan et al., 1996). Number 3 and 4 glands were

excised and chopped with a razor blade, and digested with 0.2% trypsin and 0.2%

collagenase A (Roche, Nutley, NJ). Cells were enriched by differential centrifugation.

Tissue culture plates were precoated with 100ml/cm2 of Ham’s F12 (Invitrogen,

Carlsbad, CA) medium containing 20% heat-inactivated fetal bovine serum (FBS)
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(Atlanta Biologicals, Lawrenceville, GA) and 1mg/ml fetuin (Sigma, St. Louis, Mo).

Cells were cultured in Ham’s F12  medium containing 10% heat-inactivated FBS,

5mg/ml insulin, 1mg/ml hydrocortisone, 5ng/ml epidermal growth factor, 50mg/ml

gentamycin, 100U/ml penicillin, and 100mg/ml streptomycin (all from Sigma). The

medium was changed every day. In some experiments, cells were treated with heparan

lyase (Ibex, Montreal, Quebec), in others they were treated with sodium chlorate.

bFGF Binding. The binding of basic Fibroblast Growth Factor (bFGF) was

determined using flow cytometry. Isolated mammary epithelial cells were incubated

with biotinylated bFGF in Hams F12 medium (Invitrogen, Carlsbad, CA) with 0.5 %

BSA  (Sigma, St. Louis, MO) for 1 hour with shaking at 4ºC. Cells were washed twice

in PBS and incubated in PBS containing streptavidin-APC for 20 minutes with

shaking at 4ºC. Samples where bFGF was omitted were included as negative controls.

To show that bFGF binding was related to heparan sulfate expression, controls were

also performed after pre-treatment of mammary epithelial cells with heparin lyases for

4 hours at 37 oC.

Mammary Gland Histology. Histological analyses were performed by the

Cancer Center Histology Core at the University of California, San Diego. Whole

mounts were stained with hematoxylin (Fisher, Pittsburgh, PA) as described (Ip and

Asch, 2000). Hematoxylin and eosin staining of sections was performed by standard

procedures.
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Mammary organoids culture. Mammary organoids were cultured according

to a previously established protocol (Sternlicht et al., 2005). Briefly, adult ductal trees

from glands 3 and 4 were excised and chopped with a razor blade, and digested with

0.2% trypsin and 0.2% collagenase A. The suspension was centrifuged at 300 g for 5

minutes and the pellets were gently agitated at room temperature for 2 minutes in

DMEM/F12 with 40 U/ml TURBO Dnase (Ambion, Austin, TX). Cell clusters and

dissociated single cells were pelleted at 300 g, washed with DMEM/F12, recentrifuged

and resuspended in growth factor reduced Matirgel (Becton Dickinson, Franklin

Lakes, NJ). The suspended organoids were transferred to 48-well plates over a thin

cell free layer of Matirgel and allowed to gel at 37C. Following gel formation, 400ml

of basal medium (ITS liquid media supplement (Sigma, St. Louis, MO) 100U/ml

penicillin G in Hams F12) was added with or without growth factor and or 45mM

sodium chlorate, and the organoids were cultured in a 5% CO2 incubator at 37C.

Growth was observed over 7 days in the presence or absence of: FGF-2 (300ng/ml),

FGF-10 (300ng/ml) (Sigma, St Louis, MO); FGF-7 (300ng/ml) (Reseach Diagnostics

Inc., Concord, MA); and HB-EGF (60ng/ml) (R&D Systems, Minneapolis, MN).
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Chapter 3: The Tyrosine Kinase Receptor Met is not Required for

Mammary Epithelial Ductal Branching

3.1 Summary

Branching morphogenesis in the mammary gland depends on a large number

of growth factors, many of which bind to heparan sulfate. HGF-Met signaling in

primary mammary epithelia is dependent on heparan sulfate. To test the physiological

relevance of HGF-Met signaling in mammary gland branching morphogenesis, we

inactivated of the Met tyrosine kinase receptor gene cmet in mammary epithelial cells.

To our surprise, tissue specific inactivation of cmet in the mammary epithelia does not

affect branching morphogenesis. Furthermore, HGF is not able to efficiently induce

branching in an in vitro model of branching morphogenesis as compared to other

growth factors. Although we cannot exclude the possibility of compensation by other

growth factors, these findings demonstrate that the HGF-Met interaction is not critical

for branching morphogenesis in the mammary gland.

3.2 Introduction

Hepatocyte growth factor (HGF) is a 82kDa protein produced by mesenchymal

cells and acts on surrounding epithelia. HGF can elicit a diverse range of responses

including cell division, motility, and ductal branching. It is made as an inactive

precursor that is cleaved into an active heterodimer. (Lyon et al., 1994). HGF
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facilitates its biological activity through interactions with a single high affinity

tyrosine kinase receptor; Met. Met is a 190 kDa transmembrane glycoprotein that is

cleaved into a heterodimer. It is encoded by the gene cmet. Activation of Met by HGF

results in receptor dimerization and tyrosine phosphorylation. This creates a unique

docking site intracellularly, for downstream signaling that gives rise to the

aforementioned range of biological activities (Kemp et al., 2006).

The interaction of HGF and Met may be facilitated by heparan sulfate (HS)

proteoglycans. Heparan sulfate proteoglycans are known to play a role in growth

factor/ tyrosine kinase interactions. It is clear that heparan sulfate can enhance the

stability of the FGF (fibroblast growth factor) -FGFR complex. Heparan sulfate can

also increase the local concentration growth factor at the cell surface. Heparan sulfate

has not been shown to be required for the interaction between HGF and Met in vivo,

but in vitro, heparin (a highly sulfated form of heparan sulfate) increases the mitogenic

action of HGF and causes the oligermization of HGF (Zioncheck et al., 1995), which

may facilitate interaction with Met. Basic clusters found in HGF facilitate the

interaction between HGF and heparin (Mizuno et al., 1994). HGF also interacts with

heparan sulfate, and the interaction between them requires a HS sequence containing

iduronic acid and 6-o-sulfate modifications, differentiating it from the FGF-HS

interaction (Lyon et al., 1994). Addition of heparin to HS-deficient CHO cells restored

HGF signaling through Met tyrosine phosphorylation (Sakata et al., 1997). Met has

also been found to interact with heparan sulfate (Rubin et al., 2001). Chlorate

(sulfation inhibitor) treatment of renal epithelia inhibits HGF binding to the cell
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surface and diminishes HGF dependent downstream signaling (Deakin and Lyon,

1999). Taken cumulatively, this data suggests heparan sulfate facilitates the interaction

between HGF and Met.

The HGF-Met interaction has been implicated to play an important role in

mammary epithelial morphogenesis. In early embryonic studies, HGF was found

expressed by mesenchymal cells, and Met was found in the proximal epithelia

(Sonnenberg et al., 1993). HGF and Met were also found to be expressed in mouse

mammary tissue. Their expression was temporally regulated; the genes were expressed

during virgin branching morphogenesis (6 weeks) and during the process of ductal

hyperbranching found in the early stages of pregnancy (Niranjan et al., 1995). Mouse

mammary fibroblasts produced HGF, while c-met was expressed on both luminal and

myoepithelia.

In vitro branching models have shown that HGF-Met may be able to facilitate

ductal branching. HGF was able to induce a tubular branching morphogenesis in TAC-

2 clonal human mammary epithelia cells plated in a collagen matrix (Soriano et al.,

1998) and EpH4 clonal mouse mammary epithelial cells plated in Matrigel (Niemann

et al., 1998), (Berdichevsky et al., 1994). HGF treatment of primary mouse mammary

epithelia induced tube formation in collagen gels (Kamalati et al., 1999). Finally,

organ culture showed that HGF treatment was able to induce intensified growth

resulting in numerous main ducts. Expression of antisense oligonucleotides to HGF

blocked ductal branching of the glands (Yang et al., 1995).
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In vivo overexpression studies of HGF induced a range of alterations in the

virgin mammary gland. Transgenic overexpression of HGF in the whole animal

induced a broad range of epithelial tumors including mammary (Takayama et al.,

1997). Transplanted epithelia, virally overexpressing HGF, affected the structure and

multiplicity of terminal end buds, resulting in a more highly branched gland (Yant et

al., 1998). These results suggest that HGF plays an in vivo role in ductal branching.

Whole animal knockout models have not been informative for the role of the

HGF-Met interaction in mammary epithelial branching. Systemic HGF knockout

animals exhibit incomplete development and die in utero. The mutants show a reduced

liver size and impairment in development of the placenta. (Schmidt et al., 1995). Met

knockout animals exhibit the exact same phenotype in addition to defects in

myogenesis of limb buds, diaphragm, and tip of the tongue (Bladt et al., 1995).

To study the role of HGF-Met in the mammary gland, we have used a

conditional allele of c-met with the Cre-loxP recombination system to delete c-met in a

tissue specific manner, in mammary epithelia.

Here, we show that signaling by HGF in primary mammary epithelia is

dependent on heparan sulfate. Tissue specific inactivation of cmet in the mammary

epithelia does not affect ductal branching. HGF is not able to efficiently induce

branching in an in vitro model of branching morphogenesis; as compared to other

heparan sulfate binding growth factors that are present in vivo during ductal branching.

Thus, the HGF-Met interaction is not critical to branching morphogenesis in the

mammary gland.
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3.3 Results

Mammary epithelial signaling is dependent on heparan sulfate. There is a

well established interaction between HGF-Met and heparan sulfate in both in vitro

binding studies and in renal epithelial cells. We wanted to explore the role of heparan

sulfate in HGF-Met interactions in primary mammary epithelia. HGF induces Met

dimerization and trans-auto-tyrosine phosphorylation. This creates a docking site for

signaling mediators including Src tyrosine kinase, PI3 Kinase, and various adaptor

proteins including Grb2. Many of these signals converge on the MAP kinase pathway

and lead to Erk phosphorylation (Rosario and Birchmeier, 2003). To study this effect,

we treated wild type primary mammary epithelia with increasing concentrations of

HGF (0-10ng/ml) for 20 minutes in the presence of heparan lyase, an enzyme that

cleaves cell surface heparan sulfate (Fig 3-1). Without enzyme treatment, increasing

concentrations of HGF elicited an increasing pErk signal. Upon treatment with

heparan lyase, there was a marked decrease in pErk signaling at 1 and 3ng/ml HGF

treatment. Downstream signaling mediated by HGF was partially dependent on cell

surface heparan sulfate.
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Figure 3-1:  Heparan sulfate dependent signaling in primary mammary epithelial
cells. Isolated primary mammary epithelial cells were treated with increasing
concentrations of HGF (0-10ng/ml) for 20 minutes in the presence or absence of
heparan lyase. Western blots determined intracellular signal intensity for pErk and B-
Actin.
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Normal branching morphogenesis in the absence of cmet. In wildtype mice,

branching morphogenesis of the mammary ductal epithelia occurs from 4 to 10 weeks,

concurrent with the beginiing of the estrous cycle. We asked whether the HGF-Met

interaction was crucial for branching morphgenesis by conditionally inactivating the

gene cmet, that codes for the tyrosine kinase receptor Met. Analysis of whole mount

glands stained with hematoxylin from 12 week old cmet f/f MMTVcre+ (mutant)

animals (Fig. 3-2B and D) showed wild types amounts of branched epithelia and all fat

pads were full, compared to cmet f/f MMTVcre- (wildtype) littermate controls (Fig 3-2A

and C). To make sure the cmet f/f MMTVcre+ glands were deficient in Met, we isolated

epithelia from mutant and wildtype glands and analyzed protein expression of Met,

along with downstream signals affected by the presence of Met. The cmet f/f

MMTVcre+ gland showed a reduction in Met protein as compared to the wildtype

epithelia (Fig 3-2E). Previous work (Beviglia and Kramer, 1999) had shown that

breast carcinoma cells phosphorylated FAK (focal adhesion kinase) in response to

HGF treatment. We looked at the resting state of pFAK state and saw a reduction in

pFAK with total FAK levels as a control. To confirm that HGF signaling had been

abolished in cmet f/f MMTVcre+ glands, we isolated mammary epithelia from both

mutant and wildtype glands, and treated them with HGF. HGF has been shown to

induce a strong pErk signal in mammary epithelia (Fig 3-1). Cmet f/f MMTVcre-

epithelia showed a strong pErk signal upon treatment with 10ng/ml HGF for 20

minutes. Cmet f/f MMTVcre+ epithelia showed no pErk response to HGF. These results

suggests that the HGF-Met interaction is not critical to mammary ductal branching.
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Figure 3-2. Mammary glands deficient in the C-met tyrosine kinase receptor.
Whole mounts of mammary glands at 10 weeks. c-met f/f MMTV Cre- (A and C) and c-
met f/f MMTV Cre+ (B  and D). Bar = 3mm in top panels, .7mm in bottom panels.
Western blots of lysates from isolated primary epithelial cells of c-met f/f MMTV Cre-

(wildtype) and c-met f/f MMTV Cre+ (mutant) show intracellular signal intensity for c-
met, B-catenin, pFAK and total FAK (E). Western blots of lysates from isolated
primary epithelial cells of c-met f/f MMTV Cre- (wildtype) and c-met f/f MMTV Cre+

(mutant) treated with HGF  (10ng/ml for 20 minutes)(F). Intracellular signal intensity
shown for pErk and total Erk.
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HGF and in vitro branching morphogenesis. Previous data suggests that

HGF can induce ductal branching in a number of in vitro branching models. This data

conflicts with our reported mouse results. We wanted to revisit the branching model

systems and look at the role of HGF. Many heparan sulfate binding growth factors are

found spatially and temporally regulated during mammary gland development

including FGFs, EGF family members and HGF. Many of these growth factors have

been shown to induce branching in in vitro branching models. Taking advantage of a

new system of mammary epithelial ductal branching (Sternlicht et al., 2005), we

wanted to test the role of HGF-Met in ductal branching. Primary mammary epithelial

cells plated into growth factor reduced Matrigel form a sphere of cells with a lumen on

the inside (Fig. 3-3A black arrow). Upon treatment with a single growth factor e.g.

FGF2, a complicated organoid structure of branches and end buds grow (Fig 3-3B).

Previous experiments (Sternlicht et al., 2005)have shown that with varying efficiency,

different growth factors can produce this effect. We tested the ability of HGF to form

branched organoids from a sphere of primary epithelia and compared that to other

growth factors found in the mammary gland. Branching was quantified by the percent

of spheroids that achieved the branched state after seven days of treatment. Untreated

spheroids did not branch. Spheroids treated with FGF-2 (300ng/ml) for 7 days showed

80% branching. FGF-7 (300ng/ml), FGF-10 (300ng/ml), EGF (30ng/ml) and HBEGF

(60ng/ml) treatment all induced branching from 50% to 80% (Fig 3-3C). Treatment

with HGF at 300ng/ml for seven days was not able to induce branching. Doubling the
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concentration of HGF (600ng/ml) (HGF 2x) was only minimally able to induce

branching. In this model system, HGF was not as efficient at inducing ductal

branching (in vitro) as other growth factors relevant to mammary gland

morphogenesis suggesting that HGF may not be important to in vivo ductal branching

and correlating with the reported mouse data.
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Figure 3-3. In vitro branching of primary mammary epithelial organoids in
response to different growth factors. Isolated primary mammary epithelial cells
were plated into growth factor reduced Matrigel in Hams F12, ITS buffer, and Penn.
Spheroids formed within 24 hours (A). Upon treatment with FGF2 (300ng/ml) for 7
days, spheroids formed branched organoids structures (B). The number of spheroids
that branched in response to no stimulation, FGF-2 (300ng/ml), HGF (300ng/ml),
HGF 2x (600ng/ml), FGF-7 (300ng/ml), EGF (30ng/ml), FGF-10 (300ng/ml) and HB-
EGF (60ng/ml) was calculated (B). Each bar represents the average of 3 isolations
with three high powered fields counted per isoation +/- sd.
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3.4 Discussion

Mammary epithelial branching morphogenesis coincides with the beginning of

the mouse estrous cycle. Systemic hormones released during puberty facilitate the

rapid growth of the ductal tree. Estrogen is the primary hormone that triggers growth

in the gland. Removal of the ovaries abrogates ductal branching, which could be

restored by the addition of estrogen. Subsequently, other steroid hormones including

progesterone, glucocorticoid, and growth hormone have been shown to play a role in

ductal branching, though they are not absolutely required; like estrogen (Howlin et al.,

2006).

Terminal end buds (TEB) are the cellular structures responsible for

proliferation and duct formation. It was found that the steroid receptor-expressing cells

were not the cells facilitating proliferation but were often found adjacent to those cells.

The effects of systemic hormones on proliferating cells are thought to be paracrine in

nature. Systemic hormones induce stromal cells to release local growth factors that act

on the proliferating cells of the terminal end bud. We wanted to explore whether these

local growth factors are singularly necessary for ductal branching.

Many of these growth factors facilitate signaling through interactions with high

affinity tyrosine kinase receptors. Both the growth factors and the receptors are found

to be spatially and temporally regulated during ductal branching. One of these growth

factor-receptor pairs is HGF and the tyrosine kinase receptor Met. HGF causes Met
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dimerization, phosphorylation and signaling that leads to proliferation and cell

migration. These processes may be vital to mammary ductal branching. Some of these

interactions are mediated by low affinity interactions with heparan sulfate

proteoglycans. Previous data suggests that HGF interacts with heparan sulfate to

increase affinity for Met. Heparan sulfate deficiency in the mammary gland produces

severe defects in branching morphogenesis and lobuloalveolar development (B.

Crawford, O. Garner, J. Esko unpublished results) We wanted to test this interaction in

primary mammary epithelia. Heparan lyase treated epithelia showed a reduction in Erk

phosphorylation in response to HGF treatment. This implies that the interactions

between HGF and heparan sulfate and Met is important in mammary epithelial

signaling.

In vivo overexpression data suggests that HGF is involved in ductal epithelial

branching. HGF transgenic animals showed overbranching of ductal epithelia.

Systemic knockouts of HGF or Met were not informative because they died in utero of

liver failure and placental defects. To explore the role of HGF-Met in mammary

epithelial branching, we used a conditional knockout strategy to eliminate Met from

ductal epithelia. These Met deficient glands showed no deficiency in pubertal ductal

branching. This implies that the HGF-Met interaction is not necessary for ductal

epithelial branching.

There are a variety of in vitro mammary branching morphogenesis assays that

attempt to answer the question of growth factor relevance in the mammary gland.

Most of them showed that HGF was able to initiate ductal epithelial. One weakness of
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these assays, was that they were performed in a collagen matrix. While this is a

defined extracellular matrix component, it does not convey the complexity found in

the stroma and fat pad of the mammary gland. An additional weakness is the use of

immortal mammary epithelial cell lines instead of primary cells. Finally, the branched

organoids from these older assays did not accurately resemble branching in the

mammary gland. A new assay of mammary epithelial ductal branching (Sternlicht et

al., 2005), using primary mammary epithelia plated into Matrigel, was used to

determine if HGF could facilitate ductal branching, compared to other growth factors

found in the mammary gland. HGF was not able to induce the formation of branched

organoids as compared to any of the FGFs (2,7, or 10), EGF, or HBEGF. This

suggests that contrary to previous experiments, HGF may not be able to induce

epithelial ductal branching.

These results correlate well with other single growth factor/ receptor knock

outs in the mammary gland. FGF-2 and FGF-7 (Dono et al., 1998) deficient mice are

able to nurse pups to weaning, implying that there are no major alterations in

branching morphogenesis. There may be minor changes that have yet to be examined.

A kinase negative form of FGFR1 (IIIc) or FGFR2 (IIIb) had no discernible affects on

branching morphogenesis (Jackson et al., 1997). EGFR deficiency is expendable on

the surface of the epithelium but is essential in the stroma (Wiesen et al., 1999).

Targeted inactivation of EGF or TGFa had no effect on branching whereas targeted

deletion of amphiregulin caused severely stunted ductal outgrowth (Luetteke et al.,
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1999).  Finally IGF-1 or IGF1R knockouts showed impaired ductal outgrowth,

reduced TEBs and reduced duct number, but some branching still occurred.

These findings, combined with the new Met deficient results, suggest that the

mammary gland may express more growth factors than is absolutely required for

branching. This flexibility may allow the gland to sustain a single mutation, but still

appropriately develop and function. It is possible that Met deficiency sensitizes the

gland, so that an additional mutation may show dramatic phenotypes. We combined

mutants of Met deficiency with heparan sulfate deficiency but saw no increase in

severity in branching defects. One might predict that combining other growth factor

mutations such as FGFs or EGFs  with a Met deficiency may show dramatic

alterations in ductal branching.
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3.5 Materials and Methods

Transgenic Mice. All animals were handled in accordance with protocols for

the humane treatment of animals approved by the IACUC and Animal Subjects

Committee at the University of California San Diego. Mice bearing a loxP flanked

allele of c-met (cmetf/f) were obtained from Dr. S.S. Thorgeirsson (NIH, Maryland)

(Huh et al., 2004). The MMTV Cre line “A” mice in the 129 background was obtained

from Dr. T. Wynshaw-Boris (University of California, San Diego) (Wagner et al.,

1997) (Wagner et al., 2001). Cross breeding between the two genotypes was initiated

to obtain c-met f/f MMTV cre- and c-met f/f MMTV cre+ littermates. Only male mice

carrying the MMTV Cre allele were used for breeding to avoid deletion of the

conditional allele by Cre expression in oocytes. All the experiments were done with

mice on a mixed background with littermate controls. Quantitative and qualitative

aspects of phenotypes did not change with further crossing of c-met f/f MMTV cre-

females and c-met f/f MMTV cre+ females.

Cell Culture. Primary mammary epithelia were isolated and cultured

following an established protocol (Pullan et al., 1996). Number 3 and 4 glands were

excised and chopped with a razor blade, and digested with 0.2% trypsin and 0.2%

collagenase A (Roche, Nutley, NJ). Cells were enriched by differential centrifugation.

Tissue culture plates were precoated with 100ml/cm2 of Ham’s F12 (Invitrogen,

Carlsbad, CA) medium containing 20% heat-inactivated fetal bovine serum (FBS)
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(Atlanta Biologicals, Lawrenceville, GA) and 1mg/ml fetuin (Sigma, St. Louis, Mo).

Cells were cultured in Ham’s F12  medium containing 10% heat-inactivated FBS,

5mg/ml insulin, 1mg/ml hydrocortisone, 5ng/ml epidermal growth factor, 50mg/ml

gentamycin, 100U/ml penicillin, and 100mg/ml streptomycin (all from Sigma). The

medium was changed every day. In some experiments, cells were treated with heparan

lyase (Ibex, Montreal, Quebec).

Mammary Gland Histology. Histological analyses were performed by the

Cancer Center Histology Core at the University of California, San Diego. Whole

mounts were stained with hematoxylin (Fisher, Pittsburgh, PA) as described (Ip and

Asch, 2000). Hematoxylin and eosin staining of sections was performed by standard

procedures.

Western Blotting. Primary mammary epithelial cells were grown in 100cm

tissue culture dishes. Some plates were treated with 10ng/ml HGF (Sigma, St. Louis,

MO) for 20 minutes. Cells were lysed in 1%NP-40 buffer. Protein content was

determined with the Bradford assay (BioRads, Hercules, CA) using BSA as a

standard. Ten micrograms of protein from cultured cells was electrophoresed on

BioRad precast Ready gels and transferred to nitrocellulose with a semidry blotting

apparatus. The following antibodies were used: phospho-Erk1/2 (p44/42,

Thr202/Tyr204), p44/p42, phosphoAkt/PKB (Ser308) (Cell Signaling Technology,

Beverly, MA); phosphoFAK (pY397), FAK (Invitrogen, Carlsbad, CA); b-Actin
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(Santa Cruz Biotechnology, Santa Cruz, CA); b-catenin (Abcam, Cambridge, MA).

HRP-conjugated anti-rabbit were obtained from Biorad (Hercules, CA). HRP-

conjugated anti-mouse IgG were obtained form Amersham Biosciences (Piscataway,

NJ). HRP was detected using the SuperSignal West Pico chemiluminescent substrate

(Pierce, Rockford, IL).

Mammary organoids culture. Mammary organoids were cultured according

to a previously established protocol (Sternlicht et al., 2005). Briefly, adult ductal trees

from glands 3 and 4 were excised and chopped with a razor blade, and digested with

0.2% trypsin and 0.2% collagenase A. The suspension was centrifuged at 300 g for 5

minutes and the pellets were gently agitated at room temperature for 2 minutes in

DMEM/F12 with 40 U/ml TURBO Dnase (Ambion, Austin, TX). Cell clusters and

dissociated single cells were pelleted at 300 g, washed with DMEM/F12, recentrifuged

and resuspended in growth factor reduced Matirgel (Becton Dickinson, Franklin

Lakes, NJ). The suspended organoids were transferred to 48-well plates over a thin

cell free layer of Matirgel and allowed to gel at 37C. Following gel formation, 400ml

of basal medium (ITS liquid media supplement (Sigma, St. Louis, MO) 100U/ml

penicillin G in Hams F12) was added with or without growth factor, and the organoids

were cultured in a 5% CO2 incubator at 37C. Growth was observed over 7 days in the

presence or absence of: FGF-2 (300ng/ml), EGF (30ng/ml) (Invitrogen, Carlsbad,

CA); HGF (300ng/ml or 600ng/ml), FGF-10 (300ng/ml) (Sigma, St Louis, MO); FGF-
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7 (300ng/ml) (Reseach Diagnostics Inc., Concord, MA); and HB-EGF (60ng/ml)

(R&D Systems, Minneapolis, MN).
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Chapter 4: Defective Lobuloalveolar Development in Mice

Containing a Mammary Epithelial Cell-Specific Inactivation of a

Heparan Sulfate Sulfotransferase

4.1 Summary

We have examined the participation of heparan sulfate in mammary gland

branching morphogenesis and lactation by inactivation of heparan sulfate GlcNAc N-

deacetylase/N-sulfotransferase genes (Ndst) in mammary epithelial cells. Ndst1-

deficiency resulted in a 2.3 fold reduction in glucosamine N-sulfation and decreased

binding of FGF to mammary epithelial cells in vitro and in vivo. Mammary epithelia

lacking either Ndst1 or Ndst2 underwent branching morphogenesis normally, filling

the gland with ductal tissue by sexual maturity to the same extent as wildtype

epithelia. Ndst2–/– animals also underwent normal lobuloalveolar expansion and

lactation during pregnancy. In contrast, lobuloalveolar expansion did not occur in

Ndst1-deficient glands, resulting in insufficient milk production to nurture newly born

pups. Lactational differentiation of isolated mammary epithelial cells occurred

normally via Stat5 activation, suggesting that the lack of milk production was due to

insufficient expansion of the lobuloalveoli. Ndst1-deficient glands exhibited reduced

phosphorylation of Akt/PKB and cyclin D1 expression, leading to extensive apoptosis

at day 1 of lactation. These findings demonstrate a highly penetrant and mammary
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epithelial cell-autonomous effect of altering heparan sulfate on lobuloalveolar

development.

4.2 Introduction

Mammary gland development occurs in multiple stages: (i) fetal development

of the rudimentary mammary buds, (ii) branching morphogenesis in immature

animals, (iii) formation of lobular alveoli during pregnancy, (iv) differentiation of milk

producing epithelia and lactation, and (v) involution after weaning. The classical

endocrine hormones (estrogen, progesterone, growth hormone, and prolactin) regulate

these developmental processes by acting on the mammary stroma to induce the local

expression of soluble growth factors (Hovey et al., 2002). Based on genetic studies, a

large family of growth factors participate, including fibroblast growth factors (FGFs)

(Mailleux et al., 2002), Wnts (Brisken et al., 2000; Humphreys et al., 1997),

parathyroid hormone-related protein (PTHrP) (Dunbar et al., 2001), Hedgehog

proteins (Hh and Ihh) (Lewis et al., 2001; Lewis et al., 1999), transforming growth

factor beta (TGFβ) (Forrester et al., 2005; Joseph et al., 1999) and inhibin-βb

(Robinson and Hennighausen, 1997), insulin-like growth factors (IGF) 1 and 2

(Brisken et al., 2002; Ruan and Kleinberg, 1999) and IGF-binding protein-5 (IGFBP-

5) (Chapman et al., 1999; Grimm et al., 2002), hepatocyte growth factor (HGF) (Yang

et al., 1995), amphiregulin (Luetteke et al., 1999), EGF (Luetteke et al., 1999; Wiesen

et al., 1999) and EGF receptors (Xie et al., 1997), and heregulin (HRG) (Li et al.,

2002) and ERBB4 receptors (Long et al., 2003; Tidcombe et al., 2003). Nearly all of
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these factors bind to heparan sulfate, a glycosaminoglycan present on extracellular

matrix and cell surface proteoglycans. Interaction with heparan sulfate is hypothesized

to protect growth factors against degradation, to create a storage depot for later

release, to facilitate assembly of signaling complexes (co-receptor activity), to enable

clearance by endocytosis, and to regulate their diffusion through the tissue (Bernfield

et al., 1999; Delehedde et al., 2001; Lander et al., 2002). Heparan sulfate also can act

indirectly in the system, e.g. by modulating the processing of growth factor precursors

by matrix metalloproteases (Yu and Woessner, 2000; Yu et al., 2002).

Evidence supporting a role for heparan sulfate in mammary development

derives from studies of genetically altered mouse strains. Hyperbranching occurs in

the mammary epithelia of transgenic mice expressing human heparanase, a

degradative enzyme secreted by cells (Zcharia et al., 2004). Mice deficient in

syndecan-1, a cell surface heparan sulfate proteoglycan expressed by mammary

epithelial cells, exhibit normal primary mammary duct formation, but have a mild

reduction in secondary and tertiary branching (Alexander et al., 2000; Liu et al.,

2003). Mice lacking the heparan sulfate bearing form of CD44 display defective

lobuloalveolar expansion (Yu et al., 2002). However, one cannot discriminate if the

effects on development were due to altering interactions dependent on the core protein

versus reduction in heparan sulfate content, or whther the effects were cell-

autonomous with respect to the mammary epithelia versus the stroma since the

mutations were systemic. Mutants lacking other proteoglycans involved in heparan

sulfate biosynthesis either succumb embryonically (Arikawa-Hirasawa et al., 1999),
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obviating further studies of the mammary gland, or have no reported defects in

mammary gland development or function (Cano-Gauci et al., 1999; Echtermeyer et al.,

2001; Ishiguro et al., 2001; Zhou et al., 2004).

The essential nature of heparan sulfate has made it difficult to study the effect

of altering its biosynthesis in the mammary gland. Systemic deletion of Ext1 or Ext2

(heparan sulfate copolymerase) results in early embryonic death (E6-7) due to failure

to form mesoderm during gastrulation (Lin et al., 2000; Stickens et al., 2005). Deletion

of the gene encoding heparan sulfate GlcNAc N-deacetylase/N-sulfotransferase-1

(Ndst1), one of a family of four enzymes involved in the initial sulfation of the

heparan sulfate chains, leads to perinatal lethality with lung, brain and skeletal defects

(Fan et al., 2000; Grobe et al., 2005; Ringvall et al., 2000). Similarly, deletion of two

other modifying enzymes, uronyl 2-O-sulfotransferase and the glucuronyl C5

epimerase, causes perinatal death due to kidney agenesis (Bullock et al., 1998; Li et

al., 2003; Merry et al., 2001). Therefore, to study the role of heparan sulfate in the

mammary gland, we have created a conditional allele of Ndst1 and used the Cre-loxP

recombination system to delete Ndst1 in a tissue-specific manner (Bishop and Esko,

2005; Grobe et al., 2005; Wang et al., 2005). Here, we show that tissue-specific

inactivation of Ndst1  in the mammary epithelia does not affect branching

morphogenesis and lactational differentiation, but causes a striking defect in

lobuloalveolar expansion leading to insufficient milk production for survival of

offspring.
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4.3 Results

Mammary gland epithelia express multiple proteoglycans. Analysis of

RNA prepared from cultured mammary epithelial cells by quantitative reverse

transcription polymerase chain reaction showed transcripts for multiple heparan

sulfate proteoglycan core proteins (Fig. 4-1). Both secreted (agrin, perlecan, and

collagen 18a) and membrane-bound proteoglycans (syndecans and glypicans) were

present, with prominent expression of syndecan-4. The large repertoire of

proteoglycans in the mammary gland suggested that ablating any single core protein

gene might not lead to as dramatic a phenotype due to compensation (Alexander et al.,

2000; Echtermeyer et al., 2001; Ishiguro et al., 2001; Liu et al., 2003). These

observations prompted us to alter the biosynthesis of the chains, thereby affecting all

heparan sulfate proteoglycans in the system.
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Figure 4-1: Quantitative RT-PCR analysis of mammary epithelial proteoglycan
expression. RNA was isolated from mammary epithelial cells, reverse transcribed and
amplified using gene specific primers to each proteoglycan (see Table S1).
Quantitation was done by the 2-ΔΔCt method using GAPDH as a control RNA. Final
numbers represent % expression compared to β-actin (100%). Ct values from
duplicate assays were used to calculate % expression. Error bars are not shown
because they are factored into the final calculation.
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Heparan sulfate assembly takes place by copolymerization of GlcNAc and

GlcA residues, followed by a series of modification reactions in which segments of the

chain undergo various sulfation reactions and a portion of the GlcA units are

epimerized to iduronic acid (Esko and Lindahl, 2001). N-deacetylation and N-

sulfation of subsets of GlcNAc residues represents the first committed step in

modifying the chains and the other modifications depend on this reaction. A family of

four dual function enzymes, designated GlcNAc N-deacetylase/N-sulfotransferases

(NDSTs) exists in vertebrates (Grobe et al., 2002). RT-PCR analysis showed that

mammary epithelia express high levels of Ndst1 and Ndst2, a low level of Ndst3, and

no Ndst4 mRNAs (Fig. 4-2A). To alter the structure of the chains, we therefore

examined mutants missing Ndst1 and Ndst2.

Ndst2 null animals lack connective tissue-type mast cells but are otherwise

normal (Forsberg et al., 1999; Humphries et al., 1999). In contrast, mice lacking Ndst1

die perinatally due to lung insufficiency, and skeletal and forebrain defects (Fan et al.,

2000; Grobe et al., 2005; Ringvall et al., 2000). Thus, to examine the participation of

Ndst1 in the mammary gland, we inactivated Ndst1 selectively in mammary epithelial

cells by cross breeding mice bearing a conditional allele (Ndst1f/f, Fig. 4-2B) to

MMTVCre mice, which express the bacteriophage Cre recombinase in mammary

epithelia at day 6 postpartum (Wagner et al., 2001; Wagner et al., 1997). These mouse

lines were bred to generate Ndst1f/fMMTVCre+ (mutant) and Ndst1f/fMMTVCre–
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(wildtype) mice. Mice of both genotypes were obtained at the expected Mendelian

frequency and appeared grossly normal.

Primary mammary epithelial cells were isolated from Ndst1f/fMMTVCre+ and

Ndst1f/f MMTVCre– virgin and uniparous female mice and expanded in tissue culture.

Evaluation of markers for epithelial keratin and milk proteins indicated >90% purity.

DNA isolated from the cells was analyzed by HindIII/BamHI digestion and Southern

blotting. The undeleted Ndst1 allele generated a 2.7 kb band, whereas the deleted

allele yielded a 3.2 kb band, based on analysis of clonal mammary epithelial cell lines

derived from Ndst1f/f before and after Cre transfection in vitro (Fig. 4-2C). The

intensities of the two bands indicated that deletion of Ndst1 in Ndst1f/f MMTVCre+ was

~60% in 3-month old virgin animals and ~80% in a uniparous female of the same age

(Fig. 4-2C). The extent of recombination and deletion did not increase with multiple

pregnancies, suggesting that some cells escape recombination.
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Figure 4-2: Inactivation of Ndst1 in mammary epithelia. (A) RT-PCR analysis of
Ndst expression in isolated epithelial cells. The ramp at top indicates increasing
number of PCR amplification cycles. (B) The second exon of Ndst1 was flanked with
loxP recombinase recognition sites (triangles) (Grobe et al., 2005; Wang et al., 2005).
Cre expression under the control of the MMTV promoter drives loxP recombination
and deletion of the exon. Deletion of Ndst1 exon 2 was verified by digestion of
genomic DNA with Hind III (H) and Bgl II (B) followed by southern blotting with a
probe (black bar) to the region between the recombination site and the Bgl II site. (C)
Mammary epithelial cells were isolated from a virgin (lane 3) and a 3-month old
uniparous female (lane 4) and analyzed by Southern blotting. For comparison, blots
were performed on samples obtained from Ndst1 deficient (lane 1) and Ndst1f/f (lane 2)
mammary tumor cell lines. Ndst1 deletion was approximately 60% complete in adult
virgin mice and increased to >80% after one pregnancy.
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Ndst1 deficiency causes undersulfation of heparan sulfate in mammary

ducts. To determine how Ndst1 deficiency affected mammary epithelia heparan

sulfate, frozen sections of Ndst1f/fMMTVCre– and Ndst1f/f MMTVCre+ mammary

glands were incubated with a biotinylated form of basic fibroblast growth factor (FGF-

2) (Bai et al., 1999), which binds with high affinity to heparan sulfate in many tissues

(Allen and Rapraeger, 2003). Staining with strepavidin-horseradish peroxidase yielded

a distinct border of bound FGF-2 surrounding the luminal epithelia and myoepithelia,

in a pattern characteristic of basement membranes (arrowheads, Fig. 4-3A).

Ndst1f/fMMTVCre+ ducts displayed reduced binding of FGF-2 in the basement

membrane. No change was observed in the staining of the mammary fat pad heparan

sulfate (open arrowheads), consistent with the selective expression of Cre in the

epithelial lineage. Ndst2-/- glands stained like wildtype (data not shown), consistent

with the lack of effect of deleting this enzyme on heparan sulfate composition in most

tissues (Ledin et al., 2004).

We next analyzed FGF-2 binding to heparan sulfate derived from mammary

epithelial cell lines. Incubation of cells with biotinylated FGF-2 followed by flow

cytometry showed that Ndst1f/fNdst2–/– cells bound FGF-2 like wildtype cells (Fig. 4-

3B, curves c and d, respectively), whereas Ndst1–/–Ndst2+/+ cells bound ~5-fold less

FGF-2 (curve b). Cells deficient in both Ndst1 and Ndst2 did not bind FGF-2 (data not

shown), and behaved like wildtype cells incubated with phycoerythrin—Cy5-

strepavidin alone (curve a). Heparan sulfate was also analyzed chemically from

primary mammary epithelial cells from multiparous Ndst1f/fMMTVCre+ and
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Ndst1f/fMMTVCre– females. In these experiments, cells were labeled with [6-

3H]glucosamine in culture, and labeled heparan sulfate was purified and treated with

nitrous acid at low pH, which cleaves the backbone of the polymer at each N-sulfated

glucosamine unit (Shively and Conrad, 1976). The resulting oligosaccharides were

then separated by gel filtration chromatography (Fig. 4-3C). Wildtype heparan sulfate

was typically rich in N-sulfated glucosamine residues located in adjacent disaccharides

(dp2) or separated by one or two N-acetylated disaccharides (dp4 and dp6,

respectively), whereas mutant heparan sulfate contained fewer of these

oligosaccharides and more extended structures rich in N-acetylated disaccharides that

eluted as dp>18. The areas under the peaks can be used to estimate the extent of N-

sulfation of the chains (Bame and Esko, 1989). Using this technique, we determined

that heparan sulfate synthesized in cells derived from Ndst1f/fMMTVCre+ cells

displayed a ~2-fold reduction in N-sulfation (~45% GlcNS in Ndst1f/fMMTVCre– cells

vs. ~25% in Ndst1f/fMMTVCre+ cells). This decrease in GlcNAc N-deacetylation/N-

sulfation is comparable to effects seen in mutant CHO cells lacking Ndst1 (Bame and

Esko, 1989; Bame et al., 1991) and in tissues derived from mice bearing a systemic

null allele of Ndst1 (Grobe et al., 2005; Ledin et al., 2004). The residual sulfation of

the chains reflects the expression of Ndst2 as observed in other cell types (Wang et al.,

2005). The FGF-2 binding data and the chemical analysis indicate that Ndst1-

deficiency reduced the overall level of N-sulfation.
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Figure 4-3: Altered expression of heparan sulfate in Ndst1f/fMMTVCre+ mammary
epithelia. (A) Frozen sections of mammary glands were incubated with biotinylated
FGF-2, which binds to heparan sulfate (Bai et al., 1999). Binding of FGF-2 was
detected with streptavidin-HRP (brown stain). In wildtype Ndst1f/fMMTVCre– glands
FGF-2 binds to the basement membrane surrounding the epithelial ducts (arrowheads).
The upper right panel magnifies the boxed region, revealing the sharp staining of the
basement membrane underlying the epithelial cells. FGF-2 also binds to the matrix
surrounding the fat pad adipocytes (white arrowheads). Mutant Ndst1f/fMMTVCre+

glands retain FGF-2 binding around fat pad adipocytes, but binding to the basement
membrane was greatly reduced. The lower right panel magnifies the boxed region. Bar
= 50 µm in the left panels, 12.5 µm in the right panels. (B) Mammary epithelial cells
of different genotypes were reacted with biotinylated FGF-2, stained with PE-Cy5-
strepavidin and analyzed by flow cytometry. Curve a, Wildtype cells without
biotinylated FGF-2; curve b, Ndst1–/–Ndst2+/+ cells; curve c, Ndst1f/fNdst2–/– MMTVCre–

cells; curve d, Wildtype cells with biotinylated FGF-2. (C) Heparan sulfate was
isolated from [6-3H]glucosamine labeled mammary epithelial cells derived from
Ndst1f/fMMTVCre– and Ndst1f/fMMTVCre+ mice and degraded with nitrous acid
(Shively and Conrad, 1976). The individual oligosaccharides were separated by gel
filtration chromatography and the area under the peaks was used to determine the
extent of N-sulfation of the chains (Bame and Esko, 1989). dp, degree of
polymerization.
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Normal branching morphogenesis but defective lobuloalveolar

development in absence of Ndst1. In wildtype mice, branching morphogenesis in the

mammary gland occurs from birth to sexual maturity. By one month of age extensive

branching has taken place, but the glands have not filled completely. Analysis of

whole mount glands from one month old Ndst1- or Ndst2-deficient mice appeared

normal with respect to the extent of fat pad colonization, overall branching, and the

presence of terminal end buds (Fig. 4-4A-C). Sections stained with hematoxylin/eosin

showed similar ductal density and similar gross arrangement of the surrounding

connective tissue cells (Fig. 4-4D-F). Comparable results were observed in 3 month-

old sexually mature animals as well, when the fat pad is filled completely and

branching has ceased (Fig. 4-4G-I). We analyzed many glands from animals

randomized with respect to the estrus cycle and do not see any consistent differences

in branching, although minor differences in side branching could be present. (The

most extreme case is shown in Fig. 4-4I).  Thus, altering Ndst1 or Ndst2 expression in

glands had minimal effects on branching morphogenesis.

Ndst1-deficient mice gave birth to normal size litters, but less than 30% of the

offspring from Ndst1-deficient females survived more than ∼1.5 days after birth and

the surviving pups were small and developmentally runted. The pups suckled normally

and fostering them with lactating female ICR mice allowed normal development.  In

contrast, ICR pups fostered to Ndst1f/fMMTVCre+ females perished shortly after

transfer. Autopsy of the pups showed empty stomachs, suggesting that Ndst1-deficient
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mothers did not produce sufficient milk. Ndst2-deficient females had pups that thrived

normally.
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Figure 4-4: Branching morphogenesis is normal in NDST deficient epithelial
cells. Whole mounts of the inguinal mammary glands were used to examine branching
morphogenesis of one-month old Ndst1f/fNdst2+/+MMTVCre– (Wildtype, A),
Ndst1f/fNdst2+/+MMTVCre+ (Ndst1–/–, B), and Ndst1f/fNdst2–/–MMTVCre– (Ndst2–/–, C)
females. Deficiency of Ndst1 or Ndst2 has no effect on branching morphogenesis.
Histological analysis of glands from one-month old animals showed normal
organization of ductal epithelium (D-F). Whole mounts of 3 month-old glands also
show normal branching (G-I). Bar = 1.5 mm in the upper panels, 100 µm in the
middle panels, and 1 mm in the lower panels. n, lymph node.
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Whole mounts of day 1 lactating (d1L) mammary glands from multiparous

Ndst1f/fMMTVCre+ females showed dramatically retarded lobuloalveolar expansion

compare to lactating glands from wildtype animals (Fig. 4-5M v s .  4-5O).

Hematoxylin/eosin stained sections at d1L showed that the cellular architecture of the

mammary ducts was normal, but lobuloalveoli were reduced in size and number

(compare low magnification images in Fig. 4-5C to 4-5I and higher magnification

images in Fig. 4-5F to 4-5L). Further analysis of stained sections at earlier time points

revealed that the disruption in lobuloalveolar expansion found in Ndst1f/fMMTVCre+

females was not apparent at day 8 of pregnancy (d8P; Fig. 4-5A vs. 4-5G, and Fig. 4-

5D vs. 4-5J), but was already manifest by day 15 of pregnancy (d15P; Fig. 4-5B vs. 4-

5H and Fig. 4-5E vs. 4-5K) as shown by a 45%  reduction in lobuloalveolar number in

the Ndst1f/fMMTVCre+ females. In order to confirm the epithelial autonomy of this

phenotype, Ndst1f/fMMTVCre+ epithelia were transplanted into the wild type fat pad

from an inguinal gland cleared of epithelia. The host animals were bred two months

later and whole mounts of the glands were analyzed at d1L. Control wild type fat pads

receiving no epithelia remained devoid of ductal structures (data not shown), whereas

those that received wildtype epithelia were histologically normal (Fig. 4-5N). Glands

receiving Ndst1f/fMMTVCre+ epithelia (Fig. 4-5P) underwent ductal branching

normally but exhibited the same reduced alveolar expansion seen in

Ndst1f/fMMTVCre+ females (Fig. 4-5O). This finding confirmed that the lactation

defect was due to the deletion of Ndst1 specifically in the mammary epithelia. No

effect on lobuloalveolar expansion or lactation was observed in Ndst2-/-  females (data
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not shown). Whole mounts of multiparous non-pregnant Ndst1f/fMMTVCre+ females

appeared normal (data not shown).
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Figure 4-5: Ndst1f/fMMTVCre+ mammary glands do not form lobuloalveoli.
Hematoxylin/eosin stained sections of d8P, d15P, and d1L mammary glands from
Ndst1f/fMMTVCre- (A-F) and Ndst1f/fMMTVCre+ (G-L) mice. (A-C, G-I): Bar = 500
µm; (D-F, J-L): Bar = 125 µm. No difference in glandular morphology was noted at
d8P, but differences in ductal density occurred by d15P, increasing dramatically by
d1L. (M-P), whole mounts of d1L inguinal mammary glands from Ndst1f/fMMTVCre–

(M) and Ndst1f/fMMTVCre+ (O). Ndst1–deficient glands are grossly underdeveloped.
(N) Transplantation of Ndst1f/fMMTVCre- epithelia into a cleared wildtype fat pad led
to normal development at d1L. (P) Transplantation of Ndst1f/fMMTVCre+ epithelia
showed a defect in lobuloalveoli development. (M,O): Bar = 100 µm; (N,P): Bar =
150 µm.  n, lymph node.
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Normal lactational differentiation in Ndst1f/fMMTVCre+ mice. To further

characterize the defect in the Ndst1f/fMMTVCre+ females, casein and whey acidic

protein (WAP) expression was analyzed. By quantitative PCR, the level of mRNAs of

these proteins relative to GAPDH was dramatically reduced in d1L glands from

Ndst1f/fMMTVCre+ mice compared to Ndst1f/fMMTVCre– mice (Fig. 4-6A). However,

the decrease in milk protein expression paralleled changes in keratin 18 mRNA (Fig.

4-6A) and keratin 7 protein expression (Fig. 4-6B), markers for mammary epithelial

cells, suggesting that the reduced capacity to produce milk might have been related to

the decrease in the number and size of lobuloalveoli rather than a defect in

differentiation. Western blotting with antibodies to mouse milk from d1L glands

showed that milk production was diminished in Ndst1f/fMMTVCre+ glands nearly to

the same extent as keratin expression (Fig. 4-6C). Analysis of day 14 pregnant (d14P)

glands showed that the antiserum was specific for milk proteins.

To confirm that differentiation was normal, primary mammary epithelial cells

from mature Ndst1f/f females were plated on serum/fetuin coated plates and treated

with adenoviral Cre (AdCre), which resulted in >95% deletion of Ndst1f/f allele.

Passage of the cells in the presence of lactogenic hormones and Matrigel induced the

epithelia to undergo differentiation into a lactational state in AdCre-treated cells and in

cells infected with a control virus containing GFP (Fig. 4-6D). Normal lactation has

been shown to require signaling through the prolactin receptor, which activates milk

protein gene transcription through the phosphorylation of Stat5. Western blotting with

anti-phospho-Stat5 antibodies confirmed that proper signaling had occurred (Fig. 4-
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6E). Taken together, the data show that differentiation was normal in Ndst1-deficient

glands and that the paucity of milk was due to a defect in the proliferation of the

epithelial population required for lactation.
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Figure 4-6: Characterization of the lactational defect in Ndst1-deficient
mammary glands. Quantitative RT-PCR and Western blotting were used to
characterize lactational capacity of Ndst1f/fMMTVCre+ females. (A) RNA isolated
from d1L Ndst1f/fMMTVCre– and Ndst1f/fMMTVCre+ mammary glands was analyzed
by quantitative RT-PCR for the expression of whey acidic protein (WAP), β-casein,
and keratin 18, genes specifically expressed by mammary epithelial cells. Data was
normalized to the expression of GAPDH transcripts present in the sample. (B)
Western blotting with antibodies to keratin 7 in d1L glands further confirmed that the
Ndst1f/fMMTVCre+ mammary glands have a reduced population of epithelia. (C)
Western blotting with antibodies to mouse milk from d1L glands shows that milk
production was diminished in Ndst1f/fMMTVCre+ glands. Blotting of d14P extracts
showed that the antibodies were selective for milk protein except for a minor band at
67 kDa. (D, E) Mammary epithelia from Ndst1f/f animals were treated with AdGFP or
AdCre and cultured on Matrigel in the presence of lactogenic hormones. The
lactational response was measured by Western blotting with antibodies to milk
proteins (D) and phospho-Stat5 (E). No differences were observed between AdGFP
and AdCre infected cells. Milk protein induction or Stat5 phosphorylation was not
detected without the addition of lactogenic hormones.
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Altered cell proliferation and survival in Ndst1 null mammary glands. To

gain insight into the mechanism of altered expansion of the lobuloalveoli in vivo,

extracts from mutant and wildtype glands at d1L were analyzed for factors involved in

cell proliferation and survival. Ndst1-deficiency caused a dramatic diminution of

Akt/PKB phosphorylation and cyclin D1 expression relative to total Erk1/2 and Erk

phosphorylation (Fig. 4-7A, + lanes). When tissue sections from d1L glands were

stained by TdT-mediated dUTP nick end-labeling (TUNEL), mutant glands exhibited

a dramatic increase in apoptotic epithelial cells compared to wildtype glands (Fig. 4-

7B) Taken together, these findings suggest that altering Ndst1 expression in mammary

epithelia resulted in loss of signaling events required for proliferation and survival of

the cells.
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Figure 4-7: Signaling defects and apoptosis in Ndst1f/fMMTVCre+ glands. (A) In
vivo signaling defects due to the deletion of Ndst1 were revealed by probing d1L
gland protein extracts with antibodies to specific signaling molecules. Two
Ndst1f/fMMTVCre+ glands (+) and one Ndst1f/fMMTVCre– gland (–) were analyzed by
SDS-PAGE and Western blotted with antibodies to pAkt, pErk1/2, total Erk1/2 and
Cyclin D1. Phosphorylation of Akt and expression of cyclin D1 was dramatically
affected relative to total Erk and pErk (B) d1L mammary glands were examined for
apoptosis by TUNEL assay and the number of positively stained epithelial cells was
counted. Wild-type d1L glands show very little apoptosis, whereas Ndst1-deficient
glands were highly apoptotic.
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4.4 Discussion

Mouse mammary development proceeds through multiple well-defined steps.

After birth, the epithelial placode undergoes branching morphogenesis from a

rudimentary branched structure to a fully branched ductal tree that fills the fat pad.

During pregnancy, further secondary and tertiary branching occurs and alveoli appear

along the ducts, resulting eventually in the formation of lobuloalveoli that can

differentiate into milk producing glands under the influence of lactogenic hormones.

After weaning, the gland involutes by apoptosis of the epithelial cells, returning the

gland to the virgin state. Each stage in this process depends on a series of growth

factors, many of which can interact with heparan sulfate (Delehedde et al., 2001). To

examine if these interactions are necessary for post-natal mammary development, we

reduced the level of sulfation of the chains by inactivating Ndst1 using the Cre

recombinase under the control of the MMTV promoter. Because this system depends

on hormonal activation during the estrous cycle, we cannot make any conclusions

regarding the role of heparan sulfate on embryonic stages of differentiation. However,

the alteration did not result in failure of the gland to undergo branching

morphogenesis, suggesting that the residual level of sulfation of the chains mediated

by Ndst2 was adequate for activation of relevant growth factors at this stage of

glandular development. In contrast, altering heparan sulfate in this way had a striking

and fully penetrant effect on lobuloalveolar expansion in female mice, leading to

insufficient milk production to support their offspring.
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During lobuloalveolar expansion, local growth factors released from the

surrounding fat pad induce quiescent epithelia to undergo proliferation, resulting in

alveolar budding, lobuloalveolar development and milk production. Lactogenic

differentiation proceeds normally in Ndst1-deficient glands and isolated epithelia (Fig.

4-6), suggesting a discrete effect on budding and lobuloalveoli formation. The focal

defect on alveolar development presumably arose from inefficient growth factor action

due to failure to form appropriate complexes of ligands, signaling receptors and

heparan sulfate (Delehedde et al., 2001). Relevant factors at this stage of development

include one or more FGFs based on partial inhibition of lobuloalveoli in animals

bearing a dominant-negative FGFR2IIIb construct (Jackson et al., 1997). Reduced

binding of FGF-2 was observed in mutant glands (Fig. 3), but the relevant FGF

ligands active at this stage have not been identified (Dono et al., 1998; Guo et al.,

1996; Mailleux et al., 2002; Ortega et al., 1998). Mutants altered in HRGα expression

and ErbB4 receptors show reduced lobuloalveolar development (Gorska et al., 1998;

Li et al., 2002). Since heparan sulfate interacts with these as well as other growth

factors (e.g., Wnts, Hedgehog proteins, transforming growth factor beta, insulin-like

growth factors, hepatocyte growth factor, heparin binding-epidermal growth factor,

and amphiregulin) the defect observed in the mutant may arise from combined affects

on multiple growth factors. Although we have not identified the factors affected by

Ndst1-deficiency, the net effect is reduction in cyclin D1 expression, consistent with a

proliferative defect, and decreased Akt/PKB phosphorylation, consistent with
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increased apoptosis (Fig. 4-7). Thus, in this context Ndst1 and its product, heparan

sulfate, can be viewed as a central regulatory molecule in the system.

Heparan sulfate does not occur as free chains in tissues, but rather as covalent

complexes with proteoglycan core proteins.  Over 17 different heparan sulfate

proteoglycans are known (Bishop et al., 2007). Although mutants have not been made

in all of these genes, inactivation of syndecans-1, -3, -4, glypican-3, and collagen

XVIII have not been reported to exhibit lobuloalveolar defects (Alexander et al., 2000;

Cano-Gauci et al., 1999; Echtermeyer et al., 2001; Ishiguro et al., 2001; Liu et al.,

2003; Zcharia et al., 2004; Zhou et al., 2004). In contrast, mice lacking CD44 exhibit

focal lobuloalveolar expansion, with a large number of condensed acini, but with

sufficient milk production to allow 20-40% of the pups to survive (Yu et al., 2002).

This finding suggests that altering Ndst1 probably affected sulfation of the chains on

the heparan sulfate-bearing isoform of CD44.  The more penetrant defect in Ndst1-

deficient mice suggests that more than one type of proteoglycan may be required at

this  stage of development.

It would be interesting to extend the study of Ndst1 to other organ systems that

undergo branching morphogenesis and alveolar development, e.g. the salivary gland

(Patel et al., 2006), lung (Cardoso and Lu, 2006), kidney (Shah et al., 2004) and

prostate gland (Thomson and Marker, 2006). Many of these systems appear to depend

on heparan sulfate, but the array of growth factors differs significantly. Therefore, one

might predict that altering sulfation by silencing Ndst1 or other sulfotransferases in the

system could tease out different growth factor-heparan sulfate interactions required



130

during branching morphogenesis. Similarly, it will be interesting to examine how

altering the formation of the entire chain or specific sulfation patterns mediated

through the action of O-sulfotransferases affects mammary development.

4.5 Materials and Methods

Transgenic mice. All animals were handled in accordance with protocols for

the humane treatment of animals approved by the IACUC and Animal Subjects

Committee at the University of California, San Diego. Mice bearing a loxP flanked

allele of Ndst1 were described previously (Grobe et al., 2005; Wang et al., 2005).

Ndst2 deficient mice were obtained from Dr. L. Kjellen, University of Uppsala,

Sweden (Forsberg et al., 1999). Cross breeding was initiated when the Ndst1f/f and

Ndst2–/– mice were backcrossed to C57Bl/6 for 4 and 10 generations, respectively. The

MMTV Cre line “A” mice in the 129 background was obtained from Dr. T. Wynshaw-

Boris (University of California, San Diego) (Wagner et al., 2001; Wagner et al., 1997).

Only male mice carrying the MMTV Cre allele were used for breeding to avoid

deletion of the conditional allele by Cre expression in oocytes. All experiments were

done with mice on a mixed background with littermate controls. Over the course of

these studies, we did not note any qualitative and quantitative changes of phenotype

with further backcrossing of Ndst1f/f with C57Bl/6 mice.

Cell culture. Primary mammary epithelia were isolated and cultured as

described (Pullan and Streuli, 1996). Briefly, number 4 and 5 glands were excised and
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chopped with a razor blade, and digested with 0.2% trypsin and 0.2% collagenase A.

Cells and organoids were enriched by differential centrifugation. Multiwell tissue

culture plates were precoated with 100 µl/cm2 of Ham’s F12 medium containing 20%

heat-inactivated fetal bovine serum (FBS) and 1 mg/ml fetuin. Cells were cultured in

Ham’s F12 medium containing 10% heat-inactivated FBS, 5 µg/ml insulin, 1 µg/ml

hydrocortisone, 5 ng/ml epidermal growth factor, 50 µg/ml gentamycin, 100 U/ml

penicillin, and 100 µg/ml streptomycin. The medium was changed every two days.

Lactational differentiation was induced as described (Streuli et al., 1995).

Briefly, first passage mammary epithelia were plated on serum/fetuin coated plates

with Matrigel and cultured for 4 days in DMEM/F12 media containing 5 µg/ml

insulin, 1 µg/ml hydrocortisone, 3 µg/ml prolactin, 50 µg/ml gentamycin, 100 U/ml

penicillin, and 100 µg/ml streptomycin.

An adenovirus containing Cre recombinase (AdCre) was used to inactivate

Ndst1 in vitro, as described (Li et al., 2000). AdCre and adenovirus containing green

fluorescent protein (AdGFP) were obtained from the Vector Core Development Lab at

the University of California, San Diego. Cells were treated for 90 min twice over four

days with 108 pfu/ml, washed with PBS and cultured in normal growth medium. Flow

cytometry using biotinylated FGF and strepavidin phycoerythrin-Cy5 showed >10-

fold decrease in fluorescence of ~99% of the cells (Wei et al., 2000).

Mammary gland histology. Histological analyses were performed by the

Cancer Center Histology Core at the University of California, San Diego. Whole
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mounts were stained with hematoxylin as described (Ip and Asch, 2000). Binding of

FGF-2 to heparan sulfate was measured in frozen sections of the inguinal mammary

gland using biotinylated FGF-2 and HRP-streptavidin (Wang et al., 2005).

Hematoxylin and eosin staining of sections was performed by standard procedures.

Lobuloalveolar number was determined by counting acini in 20 non-overlapping fields

(200X magnification) located radially about the lymph node.  Apoptotic cells were

measured by TUNEL assay using the In Situ Cell Death Detection Kit from Roche

(Mannheim, Germany).

Southern blotting and RT-PCR analysis. DNA was isolated from primary

mammary epithelia from mice of various ages using the Qiagen DNeasy tissue kit

(Qiagen, Valencia, CA). Samples (20 µg) was digested with Hind III and Bgl II

overnight and analyzed by agarose gel (0.8%) electrophoresis. After transfer to a

nylon membrane, the blot was probed with a genomic probe located outside of the

deleted exon (Grobe et al., 2005).

RNA was isolated from purified mammary epithelial cells (TRIzol reagent),

reverse transcribed (Superscript III, Invitrogen) and amplified using gene specific

primers to each Ndst isoform (Ndst1, Forward: GGACATCTGGTCTAAG, Reverse:

GATGCCTTTGTGATAG; Ndst2, Forward: GATGACAAGAGGCAC, Reverse:

CAGTGCTGGCATTGG; Ndst3, Forward: CCACTGCCTTGTGTC, Reverse:

GGAGTACGCTCGGTC; Ndst4, Forward: CTAACTACTTCCACTC, Reverse:

ATGTGCACTGCATACC).
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Q-PCR analysis of β-casein, whey acidic protein and keratin18 was done by

the Genomics Core Facility at the University of California San Diego. The following

primers were used: β-casein, Forward: AGGTGAATCTCATGGGACAGCT and

Reverse: TGACTGGATGCTGGAGTGAACT; whey acidic protein, Forward:

TGCCATGTGCTGTCCCG and Reverse: CCAGCTTTCGGAACACCAAT; keratin

1 8 ,  Forward:  CAGTATGAAGCGCTGGCTCA and Reverse :

GTGGTACTCTCCTCAATCTGCTGA.

For qPCR analysis of individual proteoglycans, quantitation was done by the 2-

ΔΔCt method using GAPDH as a control RNA (supplementary Table S1) (Bishop and

Esko, 2005). Final values represent relative expression compared to β-actin (100%).

Ct values from duplicate assays were used to calculate expression data according to

the Stratagene manual. Error bars are not shown because they are factored into the

final calculation. Results were verified in two independent assays.

Western blotting. The lymph node from the number 4 mammary gland was

removed and the gland was homogenized (Faraldo et al., 2001). Protein content was

determined with the Bradford assay using BSA as a standard (BioRad, Hercules, CA).

Ten micrograms of protein from whole glands or cultured cells was electrophoresed

on BioRad precast Ready gels and transferred to nitrocellulose with a semi-dry

blotting apparatus. The following antibodies were used: phospho-Akt/PKB (Ser308),

phospho-Erk1/2 (p44/42, Thr202/Tyr204), p44/p42 (Cell Signaling Technology,

Beverly, MA); anti-mouse milk antisera (Nordic Immunological Laboratories,
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Tilburg); pStat5 (Tyr694), and cyclin D1 (H-295, Santa Cruz Biotechnology, Santa

Cruz, CA); and keratan-7. HRP-conjugated anti-mouse and anti-goat IgG were

obtained from BioRad (Hercules, CA). HRP was detected using the SuperSignal West

Pico chemiluminescent substrate (Pierce, Rockford, Il).

Heparan sulfate analysis. Subconfluent primary mammary epithelial cells

were cultured for 48 hr in DMEM containing 2 mM glucose, 10% dialyzed FBS, 5

µg/ml insulin, 1 µg/ml hydrocortisone, 5 ng/ml epidermal growth factor and 50

µCi/ml [6-3H]glucosamine (New England Nuclear). Cell associated and secreted

glycosaminoglycans were isolated, cleaved with nitrous acid pH 1.5 (Shively and

Conrad, 1976), and fractionated by gel filtration chromatography as described (Bame

and Esko, 1989).
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Chapter 5: Perspective and Conclusions

5.1 Heparan Sulfate Structure Determines Mammary Gland Development and

Function

This thesis attempts to define the role of epithelial heparan sulfate in mammary

gland branching by specifically targeting the biosynthetic machinery responsible for

heparan sulfate polymerization and modification in vivo. The mammary gland was

used as a model of branching because of advantages over other branched systems; (1)

the gland undergoes development postnatally, (2) mammary epithelial cells (MECs)

can be easily transplanted, and (3) transgenic mice bearing Cre recombinase are

available enabling the inactivation of target genes specifically in mammary epithelia at

different stages in mammary gland development. Biosynthetic enzymes were targeted

because mammary epithelia express multiple proteoglycans. Compensation by

expressed proteoglycans may explain the lack of strong phenotypes in mutants lacking

individual proteoglycans (Liu et al., 2004). Tissue specific knockouts were used

because systemic knockouts in heparan sulfate biosynthetic core proteins arrest before

mammary development begins (Bullock et al., 1998; Lin et al., 2000; Ringvall et al.,

2000).

Mammary epithelia lacking EXT1 (heparan sulfate co-polymerase) fail to

undergo ductal branching in response to pubertal hormones released at the onset of the

estrous cycle. This phenotype is dramatic and highly penetrant and has not been

observed in proteoglycan core protein gene knockouts.  Some variability in the
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penetrance was observed due to inefficient Cre recombinase activity, but this seems

like a minor shortcoming in the system. Since multiple heparin-binding growth factors

are important to mammary ductal branching (Jackson et al., 1997; Luetteke et al.,

1999; Yant et al., 1998), the complete loss of heparan sulfate chains probably affects

multiple steps.  It could also alter ECM formation and tissue organization. A major

effort needs to be devoted to defining the specific growth factors and matrix molecules

affected in this system.

The Ext1 mutant defines a role for the heparan sulfate chain in mammary

epithelial ductal branching, but does not address the importance of chain modification.

To look at the role of sulfation, we produced mammary epithelia deficient in both

NDST1 and NDST2. These isozymes initiate chain modification by creating the

preferred substrate for all subsequent downstream modifications. Thus, an Ndst-

deficient cell produces a chain devoid of any sulfate groups. Complete loss of both

Ndst1 and Ndst2, which occurs in 25% of mutant glands, blocked the ability of

epithelia to form ducts and branch.  This result implies that the chain by itself is not

sufficient for epithelial duct formation.

Interestingly, inactivation of Ndst1 and Ndst2 in vivo yielded a significant

proportion of glands containing a mixture of Ndst1-/-Ndst2-/- and Ndst1+/+Ndst2-/- cells,

likely due to inefficient Cre recombination and rescue of doubly mutant cells by cells

expressing partially sulfated heparan sulfate.  Examination of these glands revealed

pubertal hyperbranching. A dramatic increase in both bifurcated end bud branching as
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well as side branching occurred. The hyperbranching phenotype is seen, regardless of

the stage of growth arrest in the gland.

To further elucidate the role of sulfation in mammary epithelial development,

we looked at mutant glands deficient in either Ndst1 or Ndst2. Neither gland exhibited

a branching phenotype. However, Ndst1-deficient glands were incapable of producing

lobuloalveolar structures during pregnancy, whereas Ndst2-/- glands were normal.

Ndst1-deficieny led to insufficient milk production and the death of pups. Further

experiments showed a lack of survival signals, an increase in apoptosis during

pregnancy, and elevated stat3 expression, as though the gland was undergoing

precocious involution. In vitro experiments suggested a deficiency in heregulin

signaling, consistent with other knockout experiments.

To further explore the role of specific sulfation events along the heparan

sulfate chain in mammary epithelial ductal branching, we targeted HS2ST, which adds

a 2-O-sulfate group to uronic acids. Mammary epithelia deficient in Hs2st show

defects in the number and complexity of branched epithelia. Examination of mutant

glands during ductal branching reveal a decrease in secondary branches and bifurcated

terminal end buds. This result is very important, because it implies that a specific set

of growth factors and extracellular matrix components control secondary branching by

interacting with the 2-O-sulfate groups on heparan sulfate chains. The importance of

these studies is that (i) we have shown that MEC heparan sulfate has a cell

autonomous effect on development; and (ii) the pattern of sulfation of the chain

determines the extent of dichotomous branching, side branching, and formation of
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lobuloalveoli.  We infer that that the way that this structural information is translated

by cells is via binding and activation of different sets of heparin-binding growth

factors and ECM components in the gland.

To our knowledge, this is the first system that clearly defines separate roles for

distinct modifications of heparan sulfate in a branched organ in vivo.  Future

experiments should focus on the role of other heparan sulfate modifying enzymes,

including the HS6STs, HS3STs, and HSGLCE. Systemically, the mutations in Hs6sts

and Hsglce show perinatal embryonic lethality (Li et al., 2003), but whether mammary

buds exist in these animals is not known. If present, transplantation studies using an

embryonic bud from these knock out animals, grown in a wildtype fat pad, might be

able to help define the role of these heparan sulfate modifications in mammary gland

development. Alternatively, animals containing conditional alleles of these genes

might be generated and cross bred to MMTV cre mice. Other cre animals are available

as well to study the role of heparan sulfate modifications at different stages of

mammary gland development, such as WAP cre, which turns on at pregnancy. This

system could be used to define the role of genes that arrest mammary gland

development at earlier stages, such as Ext1 and Hs2st (Lin et al., 2000; Merry et al.,

2001).

5.2 Mammary Specific Growth Factors Bind to Heparan Sulfate

Many growth factors relevant to mammary gland development bind to heparan

sulfate including FGF family members (Rapraeger et al., 1991), EGF family members
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(Aviezer and Yayon, 1994) and HGF (Zioncheck et al., 1995), as outlined in Chapter

1. To examine if heparan sulfate interacts with different growth factors during

branching, we set up an in vitro system using Matrigel supplemented with growth

factors. The results showed that in vitro mammary epithelial ductal branching can be

induced by multiple members of the FGF family and HB-EGF, and this system

depends on sulfation.

 An examination of single growth factor and receptor knockouts in the

mammary gland (Table 5-1) reveals that they rarely show a complete abrogation of

ductal branching.



148

Table 5-1: Single Growth Factor and Receptor Knockouts

Growth Factor/Receptor Mammary Phenotype
HGF Whole animal knockout – perinatal

lethality due to placental defects – no data
on mammary effects (Schmidt et al.,
1995)

Met Whole animal knockout – perinatal lethal
(Bladt et al., 1995)

FGF-2 Whole animal knockout – viable, no
mammary phenotype (slight brain
defects) (Dono et al., 1998)

FGF-7 Whole animal knockout – viable, no
mammary phenotype (Guo et al., 1996)

FGF-10 Whole animal knockout – Missing
mammary placode 1, 2, 3 and 5. No
further data due to animal death (multiple
organ failure in development) (Mailleux
et al., 2002)

FGFr2 Mammary targeted conditional ablation  –
severe delay in ductal development
(Sternlicht et al., 2006)

FGFR2b Whole animal knockout – exact same
phenotype as FGF10 knockout (Mailleux
et al., 2002)

FGFR2 (IIIb) Whole animal knockout – do not develop
discernible mammary primordial
(Spencer-Dene et al., 2001)

FGFR2
(IIIb)

Dominant negative - Marked impairment
of lobular alveolar development (Jackson
et al., 1997)
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Table 5-1: Continued

Growth Factor/Receptor Mammary Phenotype
HB-EGF Whole animal knockout – Die early due

to heart defects, no data on mammary
development (Jackson et al., 2003)

EGF Whole animal knock out – no mammary
phenotype in adult animal
(Luetteke et al., 1999)

Amphiregulin W h o l e  a n i m a l  k n o c k o u t  –
U n d e r d e v e l o p e d  b r a n c h i n g
morphogenesis, TEBs form but don’t
progress through the gland, lactation still
occurs upon pregnancy (able to nurse
young) (Luetteke et al., 1999)

ErbB2 Whole animal knockout – delays in ductal
penetration (Jackson-Fisher et al., 2004)

EGFR EGFR -/- stroma can’t support branching
morphogenesis of wild type epithelia,
EGFR-/- epithelia grows in wild type
stroma  (Wiesen et al., 1999)
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Compensation by different sets of growth factor could account for the mild

phenotypes. Because many of these growth factors bind to heparan sulfate, altering its

formation is equivalent to a combined mutation of multiple growth factors. Taking that

into consideration, it is no surprise that heparan sulfate deficiency completely

abrogates branching, and that small changes along the heparan sulfate chain have

dramatic effects.

To further explore the role of heparan sulfate and growth factor interactions in

the mammary gland, we examined HGF and its tyrosine kinase receptor Met signaling

(a heparan sulfate dependent process) in mammary gland development.  Previous

research described in Chapter 1, suggests that the HGF/Met interaction was central to

mammary ductal branching (Yant et al., 1998), and that heparan sulfate may play an

important regulatory role in this interaction (Lyon and Gallagher, 1994). Systemic

knockouts in HGF or Met have been uninformative because they die before pubertal

mammary branching (Bladt et al., 1995; Schmidt et al., 1995). Chapter 3 shows that a

mammary epithelial specific knock out of the Met tyrosine kinase receptor does not

exhibit a branching phenotype, contrary to previous in vitro evidence that proclaimed

the HGF-Met interaction was necessary for mammary ductal branching. To explore

whether the loss of Met sensitized the gland to a heparan sulfate deficiency, we

crossed the Ext1 heterozygote onto the Met deficient animal. This genetic cross

yielded no synthetic phenotype, consistent with a lack of requirement for Met-HGF

interaction for mammary ductal branching.
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It might me possible to explore the role of growth factor/HS interactions in

mammary development by crossing multiple growth factor knockout animals to

animals with heparan sulfate deficiencies. For example, a triple cross with FGF2,

FGF7 and Ext1 (heterozygote) deficiencies may show a branching phenotype, while

the absence of any single growth factor gene has no phenotype (Dono et al., 1998;

Guo et al., 1996). Another way to explore growth factor/HS interactions is to implant

beads into heparan sulfate deficient glands that locally release growth factors. Certain

growth factors may be able to overcome the HS deficiency by raising the local

concentration above a critical threshold. In this regard, a transgenic mouse

overexpressing certain growth factors, crossed onto a mammary epithelial, heparan

sulfate deficient, animal, might help to identify which growth factors are affected in

heparan sulfate deficient glands.

There are also in vitro assays that will help to determine exactly which growth

factors are involved in heparan sulfate regulation of mammary ductal branching. One

method is to homogenize mammary tissue during different developmental stages, and

examine binding to differentially sulfated oligosaccharides by column

chromatography. For example, growth factors that facilitate bifurcation require 2-O-

sulfate groups based on our studies of Hs2st knockouts.  These factors presumably

would bind to native heparin, but not to 2-O-desulfated heparin, which can be

produced chemically from heparin in large quantities. An additional in vitro method is

to expand the mammary branching assay to include epithelia isolated from the animal

bearing a conditional (f/f) allele. Treatment with Adenoviral Cre and incubation in
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Matrigel may demonstrate the requirement for an individual growth factor for

branching.

A third approach to define the relevant growth factor  signaling pathways

affected in the heparan sulfate deficient mutants might utilize growth factor reporter

strains that are available. For example, Wnt signaling has been shown to be involved

in mammary ductal side branching because overexpression of Wnt4 leads to a

hyperbranched phenotype during puberty (Bradbury et al., 1995).  Wnt reporter mice

containing a downstream signal of Wnt activation attached to a lacZ reporter, crossed

to Ndst-deficient animals, might confirm misregulation of Wnt signaling during

pubertal branching. Collectively, these experiments would help to determine which

growth factor pathways are affected in the heparan sulfate deficient and modified

animals.

5.3 Proteoglycans in Mammary Gland Development

The question of which proteoglycans are critical to mammary development,

remains unanswered. Some systemic proteoglycan core protein mutants are viable and

reproduce (Echtermeyer et al., 2001), but small changes in mammary gland

development may have been overlooked. Some systemic proteoglycan knockout

animals arrest before mammary development (Arikawa-Hirasawa et al., 1999), thus

requiring the use of embryonic mammary bud transplantation or conditional knockouts

to study their function. Other experiments could focus on the creation of compound

mutants in proteoglycan core protein genes. Perhaps a double knockout of syndecan 1
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and syndecan 4 would exhibit a very strong ductal branching phenotype, while a triple

knockout of all the basement membrane heparan sulfate proteoglycans would only

have an effect on pregnancy.

5.4 The Role of Stromal Cell Specific Heparan Sulfate

Heparan sulfate is found in both the epithelia and the stroma of the mammary

gland (Gordon and Bernfield, 1980) (Silberstein and Daniel, 1982). The in vivo

experiments in this thesis demonstrate the necessity for epithelial heparan sulfate in

mammary gland development (Chapter 2 and 4). This result is consistent with the in

vitro branching assay, which showed that cell surface sulfation is required for

mammary epithelial branching. The stromal heparan sulfate that sits adjacent to the

epithelia (in either assay system) apparently is not able to facilitate the heparan sulfate

interactions required for branching and development. However, we cannot exclude the

possibility that stromal proteoglycans produced by connective tissue cells or

adipocytes do not play a role.  Other tissue-specific Cre transgenic mice could provide

some insight into this question.  Alternatively, transplantation experiments involving

fat pads from the Ext1 heterozygotes or a mouse overexpressing human heparinases

(Zcharia et al., 2001), implanted with wildtype epithelia, might yield information.
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5.5 Heparan Sulfate, Other Branched Organs, and Disease

The work in this thesis clearly demonstrates a genetic role for heparan sulfate

in mammary gland development. As described in Chapter 1, several mammalian

branched organs rely on epithelial ductal morphogenesis including the lung, pancreas,

kidney, and salivary glands. Thus, it is reasonable to assume that most of these

systems will also depend on heparan sulfate. The kidney system has over nine

different cre animals available to target genes at different times in development and

different kidney cell types. I predict that heparan sulfate will be as critical to branching

in these other organs, as it is in the mammary gland.

One reason to study the development of branched organs is to determine the

contribution of heparan sulfate to pathophysiological conditions in these systems.

Branched organs show a high preponderance towards the development of cancer, and

carcinomas of the breast make up a large percentage of malignancies. Tumors rely on

growth factor dependent signaling for primary growth and metastasis and often the

same factors are involved in tumor growth and progression as in normal development.

Syndecan-1 deficient animals are protected against Wnt-1 derived mammary tumors

(Alexander et al., 2000). Thus, this data and the results presented here suggests that

mammary epithelial heparan sulfate may be a chemotherapeutic target.  To validate

this hypothesis, future experiments could focus on mammary epithelial tumor models

in the Ndst1 deficient or Hs2st deficient glands. Positive results would make heparan

sulfate a viable target for anti-tumor drugs.
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Appendix 1: Small Changes in Lymphocyte Development and

Activation in Mice by Tissue-Specific Inactivation of Heparan Sulfate

Biosynthetic Enzymes

1.1 Summary

We have examined the role of heparan sulfate in lymphocyte development and

activation by inactivating heparan sulfate biosynthetic enzymes (N-deacetylase/N-

sulfotransferase or the Ext1 co-polymerase) specifically in T cells and B cells. We

found that while T cell and B cell surface heparan sulfate exists, it does not play a

major role in development. Ndst deficient T cells showed normal ratios of CD4/CD8

positive cells in the blood, spleen and thymus. Ext1 deficient B cells showed a slight

change in the number of developing B cells, but these did not correlate with a change

in antibody production. Heparan sulfate-deficient T cells were hyperresponsive to low-

level activation, suggesting that cell surface heparan sulfate plays a role in the

proliferation of activated T cells. This correlated well with an analysis of wild type T

cell heparan sulfate, which showed a downregulation in cell surface heparan sulfate in

response to activation. These findings demonstrate that cell surface heparan sulfate

may not play a critical role in lymphocyte development, but does have some very

defined roles in lymphocyte activation.
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1.2 Introduction

Lymphocytes, i.e. T and B cells, are involved in the adaptive arm of the

immune system. Proper cell-cell and cell-matrix interactions are crucial to T and B

cell development as well as activation upon antigen challenge. In many contexts, such

interactions are coordinated by heparan sulfate proteoglycans. Cell surface heparan

sulfate proteoglycans also bind extracellular proteins including growth factors and

cytokines, and form signaling complexes with receptors.

Structurally, heparan sulfate is a type of glycosaminoglycan characterized by

alternating uronic acid and D-glucosamine units. The chains form covalent complexes

with specific core proteins that constitute the families of heparan sulfate proteoglycans

(Esko and Lindahl, 2001). The structure of heparan sulfate depends on the action of a

family of specific enzymes. Synthesis begins with the assembly of a linkage

tetrasaccharide on serine residues of the proteoglycan core protein. After addition of

N-acetylglucosamine by a transferase, polymerization occurs by the alternating

addition of glucuronic acid and N-acetylglucosamine residues under control of the

Ext1/Ext2 co-polymerase. As the chain grows, it undergoes a series of enzymatically

catalyzed modifications that include N-acetylglucosamine N-deacetylation and N-

sulfation, uronic acid epimerization and variable O-sulfation (Esko and Lindahl,

2001). Four N-deacetylase/N-sulfotransferase isozymes (Ndst1-4) exist that vary in

the relative ratios of N-deacetylase/N-sulfotransferase activity and expression across

different tissues. The composition on the heparan sulfate chain can therefore vary
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widely among different tissues giving rise to unique binding sites for various ligands

such as growth factors, morphogens, and matrix proteins.

The importance of heparan sulfate on lymphocytes is only partly known, and

the expression on T cells is debated. RT-PCR analysis showed that T cells express the

Ndst1 and 2 enzymes from the heparan sulfate biosynthesis pathway.  A number of

studies indicate that T cells express heparan sulfate and the proteoglycan syndecan-1

(CD138) (Bobardt et al., 2003; Cladera et al., 2001) that mediates cell adhesion

(Stanley et al., 1995). Other studies failed to demonstrate heparan sulfate and only

very low levels of syndecan were registered (Jackson, 1997), and some claim very low

levels of heparan sulfate but high levels of chondroitan sulfate (Hart, 1982). However,

the cytokine interleukin (IL-) 2 that is critical to T cell activation and proliferation is

known to bind to heparan sulfate (Wrenshall and Platt, 1999). Although chondroitan

sulfate is the more abundant proteoglycan in B cells (Engelmann et al., 1995), they

show transient expression of some heparan sulfate containing proteoglycans and

constant expression of others. Syndecan-1 is found on pro-B cells and plasma cells

(Sanderson et al., 1989). Syndecan-4, which may also mediate adhesion (Stanley et al.,

1995)  is found on B cell lines representing most developmental stages (Kim et al.,

1994). Isoform v of CD44 (phagocytic glycoprotein-1, CD44-HS) is expressed on

activated B cells where it enhances integrin-mediated adhesion (van der Voort et al.,

2000). Through these or other proteoglycans, heparan sulfate may play a role in B cell

differentiation and activation by antigens.
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Systemic knockouts of heparan sulfate biosynthetic enzymes have not been

informative about the role of heparan sulfate on lymphocytes. The Ndst1 knockout

mouse shows dramatically reduced N-sulfation of heparan sulfate on most parts of the

body and the new born pups die shortly after birth due to lung failure (Ringvall et al.,

2000). The Ndst2 knockout mouse is viable and the only obvious defect is that of

connective tissue-type mast cells (Forsberg et al., 1999). Ext1 deficiency in the whole

animal results in embryonic lethality at E7 from gastrulation defects (Lin et al., 2000).

A recent publication surprisingly showed that CD44-deficient mice were normal with

respect to B cell subsets and in vitro responses to B cell stimulation (Bradl et al.,

2004), even if they show reduced T cell apoptosis in a model of hepatitis (Chen et al.,

2001). Syndecan-1 deficient mice show defects in wound healing but are otherwise

reported to be normal (Forsberg et al., 1999).

In order to study the effects of disrupting heparan sulfate biosynthesis only in

lymphocytes, we used two Cre-LoxP-based models. To study the function of heparan

sulfate in T cells, we bred mice with a conditional allele of Ndst1 (Ndst1f/f) onto an Lck

(T cell specific) Cre+ animal. These mice with T cells missing Ndst1 were bred onto

an Ndst2 deficient background, creating an Ndst1f/f Lck Cre+ Ndst2-/- animal whose T

cells had missing sulfation on the heparan sulfate chains. To study the role of heparan

sulfate in B cells, we bred mice with a conditional allele of Ext1 (Ext1f/f) onto a CD19

(B cell specific) Cre+  animal, creating mice with B cells with heparan sulfate only as a

shortened five linker sugar and no further disaccharide backbone. This approach
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permitted investigation of lymphocyte heparan sulfate functions in an otherwise

normal environment.

1.2 Results

Conditional Inactivation of Biosynthetic Enzymes in Heparan Sulfate

Biosynthesis. To establish the extent of inactivation of Ndst1 in T cells and Ext1 in B

cells, we analyzed genomic DNA by Southern blotting and PCR. Gene eviction was

substantial, but incomplete in both T and B cells, possibly due to variability in Lck Cre

and CD19 Cre expression (data not shown). However, bFGF binding was abolished,

suggesting that both T cells (Fig 1-1A) and B cells (Fig 1-1B) were devoid of any

normally functioning heparan sulfate.
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Figure 1-1: Disruption of heparan sulfate biosynthesis in T cells and B cells.
Splenic lymphocytes of different genotypes were incubated with biotinylated basic
Fibroblast Growth Factor (bFGF), stained with PE-Cy5-streptavidin and analyzed by
flow cytometry. (A) T cells. Grey shaded curve, Ndst1f/f LckCre-Ndst2-/- T cells
without bFGF; black line curve, Ndst1f/f LckCre- Ndst2-/- T cells with bFGF; grey line
curve, Ndst1f/f LckCre+ Ndst2-/- T cells with bFGF. (B) B cells. Grey shaded curve,
Ext1f/f CD19Cre- B cells without bFGF; black line curve, Ext1f/f CD19Cre- B cells with
bFGF; grey line curve, Ext1f/f CD19Cre+ B cells with bFGF.
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Alterations in T Cell Development. Even though there were no differences in

T cell counts in the thymus, peripheral blood, or spleen between littermate pairs of

Ndst1 f/f Lck Cre- Ndst2-/- and Ndst1 f/f Lck Cre+ Ndst2-/- mice (Table 1.1), we examined

spleen histology for structural abnormalities (n=3). The wild type spleens  showed

defined lymphoid follicles with B cells (Fig. 1-2C) and periarteriolar lymphoid sheath

(PALS) containing T cells (Fig. 1-2B) surrounded by areas dense with macrophages

(Fig 2A). The Ndst1 f/f Lck Cre+ Ndst2-/- spleens showed reduction in follicular size

(Fig 2D), T cells were displaced into the B cell areas (Fig 1-2E), and the entire

follicles appeared smaller (Fig 1-2F).
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Table 1-1: T cell counts in Ndst1 f/f Lck Cre+ Ndst2-/- and Ndst1 f/f Lck Cre- Ndst2-/-

mice1

            Ndst1 f/f Lck Cre+ Ndst2-/-      Ndst1 f/f Lck Cre- Ndst2-/-         p-value

Thymus
CD4-/CD8- cells 9.7 (6.1-13.3) % 9.6 (5.6-13.7) % 1.00
CD4+/CD8+ cells 76.9 (73.3-80.5) % 76.1 (73.6-78.7) % 1.00
CD4+ cells2 9.7 (9.4-10.1) % 10.0 (9.5-10.4) % 0.44
 CD8+ cells2 3.7 (3.4-4.0) % 4.3 (3.3-5.3) % 1.00
CD4+/CD8+ ratio2 2.65 (2.32-2.97) 2.42 (1.96-2.89) 1.00

Peripheral blood
CD4+ cells 12.5 (8.0-14.3) % 12.4 (9.5-15.1) % 1.00

CD8+ cells 6.8 (4.2-8.8) % 7.1 (4.7-8.2) % 0.83
CD4+/CD8+ ratio 1.81 (1.54-2.16) 1.89 (1.55-2.06) 0.83

Spleen
CD4+ cells 10.6 (4.5-16.7) % 14.9 (9.6-20.1) % 0.44
CD8+ cells 5.5 (3.2-7.9) % 7.2 (5.3-9.1) % 0.44
CD4+/CD8+ ratio 1.76 (1.41-2.12) 2.01 (1.81-2.21) 1.00

1n= 10 littermate pairs
2single positive cells
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Figure 1-2: Splenic follicle architecture in Ndst1f/f LckCre+ Ndst2-/- mice.  Spleen
sections from wild type and Ndst deficient mice. (A, D) white arrows, F480
macrophage stain; black arrows, splenic follicle. (B, E) white arrows, CD3 stain for T
cells. (C, F) white arrows, B220 stain for B cells. Original magnification, 20x
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Alterations in B Cell Development

The percentage of bone marrow pro-B cells was significantly higher and the

percentage of splenic marginal and transitional B cells was significantly lower in the

Ext1f/f CD19 Cre+ mice than in their Ext1f/f CD19 Cre- littermates (Table 1-2). There

were heparan sulfate alterations related to the B cell developmental stages (Figure 1-

3A). Pro-B cells were unaffected, whereas there was a gradual loss of ability to bind

bFGF through the remaining stages in the bone marrow. The B cells in peripheral

blood bound more bFGF than the mature B cells in the bone marrow, and there was

further loss of binding in the spleen. These differences in bFGF binding were not

related to changes in one of the major core proteins of heparan sulfate-bearing

proteoglycans found in B cells, as indicated by syndecan-1 expression (Figure 1-3B).
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Table 1-2: B cell counts in Ext1f/f CD19 Cre- and Ext1f/f CD19 Cre+ mice1

EXT1 f/f CD19 Cre+               EXT1 f/f CD19 Cre-             p-val.

Bone Marrow
Pro B 10.4 (8.9-15.3) % 8.4 (6.4-10.2) %           0.018
Pre B 25.2 (16.4-32.5) % 26.6 (19.3-31.8) % 0.50
Immature B 18.0 (14.5-21.4) % 19.6 (14.6-24.4) % 0.27
Mature B 7.8 (6.0-9.7) % 7.5 (5.2-10.1) % 0.67

Peripheral blood
B cells 4.6 (3.8-5.2) x 109/L 5.2 (4.6–6.2) x 109/L 0.06
T cells 4.0 (3.1-4.8) x 109/L 4.1 (3.6-4.9) x 109/L 0.51

Spleen
Marginal and 
Transitional B cells 6.1 (4.6-8.3) % 8.4 (6.0-11.3) %             0.04
Follicular B cells 21.7 (17.1-26.3) % 19.7 (17.3-23.1) % 0.24

1n=11 littermate pairs
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Figure 1-3: B cell bFGF binding and Syndecan-1 expression in Ext1f/f CD19Cre+
mice. (A) bFGF-binding B cells as percentages of total B cells at the similar
developmental stage for bone marrow (pro-B, pre-B, immature B, and mature B cells),
peripheral blood, and spleen (transitional and marginal B, and follicular B cells) in
Ext1f/f CD19Cre+ and Ext1f/f CD19Cre- mice (n=3 littermate pairs). (B) Syndecan-1
expressing B cells as percentages of total B cells at the similar developmental stage for
bone marrow, peripheral blood, and spleen (n=2 littermate pairs).
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B Cell Activation. After both subcutaneous and intraperitoneal injection of the

T-dependent antigen DNP-KLH there was a significant increase in DNP-specific IgM

and IgG1 (p<0.001) (Figure 1-4). There were no differences between the mice with B

cell Ext1 inactivation and their littermate controls (p>0.27). Subcutaneous

immunization with the T-independent antigen DNP-ficoll gave very small responses

(data not shown), but after intraperitoneal immunization there were significant

increases in DNP-specific IgM and IgG3 (p<0.001). There were no differences

between the groups (p>0.60).
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Figure 1-4: Antibody responses in Ext1f/f CD19Cre+ mice.
DNP-specific IgM (A ) and IgG1 (B ) antibody response after subcutaneous
immunization with the T-dependent antigen DNP-KLH (n=7 littermate pairs, medians
with 95 % confidence intervals). DNP-specific IgM (C) and IgG1 (D) antibody
response after intraperitoneal immunization with DNP-KLH (n=5 littermate pairs,
medians and range). DNP-specific IgM (E) and IgG3 (F) antibody response after
intraperitoneal immunization with the T-independent antigen DNP-ficoll (n=5
littermate pairs, medians and range).
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T Cell Proliferation and Activation. To examine the effect of T cell heparan

sulfate on T cell proliferation, we first determined if there were changes in cell surface

heparan sulfate in normal proliferating activated T cells. Unstimulated T cells

contained high levels of CFSE (Fig 1-5A). After activation by anti-CD3, there were

five different proliferative subsets, differentiated by decreasing amounts of CFSE. The

entire population of activated T cells showed a reduced ability to bind to bFGF (Fig 1-

5B) indicating down-regulation of cell surface heparan sulfate. The more they

proliferated as indicated by the CFSE stain, the more the normal T cells down-

regulated heparan sulfate as shown by an increasing reduction in bFGF binding (Fig 1-

5C).
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Figure 1-5: T cell heparan sulfate expression during in vitro activation. Isolated
splenic T cells were stimulated with anti-CD3, and stained with CFSE and bFGF to
measure proliferation and cell surface heparan sulfate. (A) Black line, isolated T cells
stained with CFSE showing 5 different proliferative subsets; grey shaded area, CFSE
stain in non-activated control T cells. (B) bFGF binding in entire activated T cell
population (Grey shaded curve, Ndst1f/f LckCre-Ndst2-/- T cells without bFGF; black
line curve, entire population of activated Ndst1f/f LckCre- Ndst2-/- T cells with bFGF).
(C) bFGF binding in individual subsets of activated T cells as indicated by CFSE
staining in panel A (Grey shaded curve, Ndst1f/f LckCre-Ndst2-/- T cells without bFGF;
black line curve, individual populations of activated Ndst1f/f LckCre- Ndst2-/- T cells
with bFGF).
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The down-regulation of heparan sulfate during proliferation in wild type T

cells would suggest that T cells deficient in heparan sulfate may be hypersensitive to T

cell activation. Splenic T cells from wild type, Ndst1 f/f Lck Cre- Ndst2-/- and Ndst1 f/f

Lck Cre+ Ndst2-/- animals were activated by anti-CD3 and proliferation was measured

by CFSE staining. At 0.8 mg/ml and 0.1 mg/ml anti-CD3, T cells from the genetically

altered mice proliferated to the same extent as the wild type (Fig 1-6A,B). At lower

antibody doses, however, the Ndst deficient T cells were more sensitive than the wild

type cells, as shown by the increase in proliferation (Fig 1-6C,D). We examined IL-2

production during activation as a possible mechanism for this increased proliferation,

but there were no differences in IL-2 concentrations (data not shown).
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Figure 1-6: T cell activation by anti-CD3 in Ndst1f/f LckCre+ Ndst2-/- mice . Isolated
splenic T cells from wild type, Ndst1f/f LckCre- Ndst2-/-, and Ndst1f/f LckCre+ Ndst2-/-

animals were stimulated with varying concentrations of anti-CD3 for 3 days, and
proliferation was measured as a decrease in CFSE stain.  Data are percentage
proliferating cells of total cells. Square; wild type, Upward triangle; Ndst1f/f LckCre-

Ndst2-/-, Downward triangle; Ndst1f/f LckCre+ Ndst2-/-.  (A) Isolated T cells stimulated
with 800 ng/mL anti-CD3. (B) Isolated T cells stimulated with 100 ng/mL anti-CD3.
(C) Isolated T cells treated with 50 ng/mL ant-CD3. (D) Isolated T cells treated with
25 ng/mL anti-CD3.
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1.4 Discussion

In this study, we found that while T cell and B cell surface heparan sulfate

exists, it does not play a major role in development. There were slight changes in the

number of developing B cells, but these did not correlate with a change in antibody

production. Heparan sulfate-deficient T cells were hyperresponsive to low-level

activation, suggesting that cell surface heparan sulfate plays a role in the proliferation

of activated T cells.

T cell changes

Despite incomplete Ndst1 eviction, which is in accordance with previous

findings employing Lck Cre (Gu et al., 1994), bFGF binding to T cells was abolished,

indicating a complete loss of normally functioning heparan sulfate. This may indicate

that Ndst2 plays a large role in sulfation of T cells, since we used Ndst2-/- mice. In

spite of the lack of bFGF binding, T cell development was normal in the Ndst1 f/f Lck

Cre+ Ndst2-/- animals. Lck has an early expression profile in T cell development, and is

subsequently found in all T cell lineages (Gu et al., 1994), so the results cannot be

attributed to late Lck Cre expression. Since functional heparan sulfate ectodomains

may be shed from cells, the heparan sulfate produced by the thymic stroma might

render the T cell-specific heparan sulfate redundant in development.

T cells were found in B cell areas of splenic lymphoid follicles in the Ndst1f/f

Lck Cre+ Ndst2-/- mice.  Thus, T cell heparan sulfate may play a critical role in defining
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cellular compartments in splenic follicles by organizing growth factors and

extracellular matrix proteins into trafficking regions. Cell surface integrins have been

proposed to regulate the spatial organization of T cells within lymphoid organs (van

den Berg et al., 1993), and integrins are known to interact with cell surface heparan

sulfate (Diamond et al., 1995).  Another possible role is the interaction between

heparan sulfate and chemokines. CCL19 and CCL21 are involved in attracting and

retaining naïve T cells into peripheral lymph node T cell areas (Ebert et al., 2005), and

splenic follicles may use a similar mechanism. Almost all known chemokines bind

heparin or heparan sulfate in vitro (Lortat-Jacob et al., 2002).

Genetically altered T cells showed a hyperresponsive proliferative response to

low levels of activation. This could be due to the interaction between cell surface

heparan sulfate and IL-2. Cell surface heparan sulfate may bind IL-2 and sequester

this cytokine away from the IL-2 receptor as part of normal regulation of the immune

response, and removal of cell surface heparan sulfate would make the T cells more

sensitive to IL-2. Wild type T cells downregulated cell surface heparan sulfate in

response to proliferative signals, which would facilitate a rapid clonal expansion. This

proposed mechanism of heparan sulfate sequestration of a ligand from a receptor has

been shown for the growth factor Wnt in fibroblasts (Ai et al., 2003).

The hypersensitivity of heparan sulfate-deficient T cells may implicate heparan

sulfate in autoimmunity. Many autoimmune diseases arise from overactive, or

especially sensitive T cells. Other T cell specific changes in cell surface glycosylation

have led to autoimmune phenotypes. The Mgat5 (an enzyme involved in N-
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acetylglucosamine transfer) deficient animal developed kidney autoimmune disease,

possibly due to lowering T cell activation thresholds (Demetriou et al., 2001). Its

possible that these T cell specific, heparan sulfate deficient animals may also show

autoimmune phenotypes.

B cell changes

Even if there was efficient Ext1 gene inactivation resulting in reduced and/or

changed heparan sulfate expression in B cells in the present mouse model, there were

only minor changes in B cell subpopulations and no significant changes in antibody

responses to T-dependent or T-independent antigens. Various factors may have

contributed to these results.

One possibility is that the timing or degree of Ext1 inactivation may have been

inappropriate. The B220 isoform of CD45 is the earliest B lineage marker, but CD19

is expressed from the next stage, the pro-B cell (Hardy and Hayakawa, 2001). A

previous study showed that the deletion efficiency of another gene using the same

CD19 Cre+ mouse strain was 75-80% in pre-B cells and 90-95% in splenic B cells,

indicating that the Cre-mediated deletion is an ongoing process during B cell

development (Rickert et al., 1997). These data are comparable to our findings,

showing a progressive reduction in bFGF binding taking place after the pro-B cell

stage in the Ext-1f/f CD19 Cre+ mouse (Fig. 2). Other investigations using CD19 Cre-

mediated B cell gene alteration in the Pax5 (Horcher et al., 2001)  and alpha 4 (Inui et

al., 2002)  genes have resulted in changes in B cell functions, indicating that this
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approach may be effective for some genes. However, the Ext1 gene inactivation did

not result in total abolishment in bFGF binding at any stage. Thus the experimental

animals may have had enough cells with functional heparan sulfate to be able to

respond normally to differentiation signals.

It could be argued that heparan sulfate on the B cells might not be crucial to

development during the stages after CD19 is expressed. The current literature does not

support this view. In the mouse, the earliest B cell stages are dependent on stromal

contact and cytokines, especially stem cell factor, interleukin (IL-) 7, and Flt-3 ligand

for normal development (Hardy, 1991) (Kouro et al., 2001). Pro-B cells lacking

plasma membrane heparan sulfate due to heparinase treatment show a 50-75%

reduction in IL-7 driven proliferation in parallel with substantial reduction in their

ability to bind biotinylated IL-7 (Borghesi et al., 1999).

It has been estimated that about 90% of the immature B cells produced in the

bone marrow are lost due to selection against self-reactive cells (Rolink et al., 2001). It

is not known whether heparan sulfate is involved in this selection, which is strongly

dependent on the B cell receptor. This selection process may have favored the more

normal B cells in our experimental mouse, since a larger proportion of the B cells in

the peripheral blood were able to bind bFGF than of the immature or mature B cells in

the bone marrow (Fig 3). Even so, there was a tendency towards lower B cell counts in

peripheral blood of the mice with Ext1 gene inactivation (Table 2). Since we did not

measure bone marrow B cell turnover and apoptosis in our mice, it is not known

whether there may have been a compensatory enhancement in the production of B-
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committed precursor cells. The finding of an increased percentage of pro-B cells in the

Ext-1 f/f CD19 Cre+ mice may support this hypothesis.

Antibody responses to immunizations were similar in the mice with Ext1 gene

inactivation and control littermates. There may have also been a selection of functional

cells at this stage, where normally only a very limited number of activated cells are

necessary to give rise to large clones of antibody-producing plasma cells. Upon

antigen stimulation, human tonsillar B cells show a strong transient increase in the

specific heparan sulfate-containing isoform of CD44 (van der Voort et al., 2000). This

strongly promotes the binding of hepatocyte growth factor through a heparan sulfate

dependent mechanism, which in turn may strengthen B cell adhesion e.g. to antigen

presenting cells. Mice homozygous for CD44 gene inactivation have normal B cells

and show no defects in response to type II collagen immunization (Stoop et al., 2001).

However, their B cells show altered migration patterns during inflammation (Stoop et

al., 2002), resulting in reduced responses in a model of autoimmune arthritis (Stoop et

al., 2001). Since the E x t 1 gene-inactivated mice were only challenged by

immunization, we cannot exclude that their responses to infection, perhaps with

selected pathogens, may be altered.

In conclusion, we acknowledge that cell surface heparan sulfate may not play a

critical role in lymphocyte development, but does have some very defined roles in

lymphocyte activation. Further studies are needed to determine if selected pathogen

response, or models of autoimmunity are affected by a change in lymphocyte cell

surface heparan sulfate.
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1.5 Materials and Methods

Mice C57BL/6 mice expressing Lck-Cre (J Marth,  University of California,

San Diego, CA), mice bearing a LoxP flanked allele of Ndst1 (Grobe, 2005), and

Ndst2 deficient mice (L Kjellen, University of Uppsala, Sweden (Forsberg et al.,

1999)) were crossed until Ndst1f/f Lck Cre+ on an Ndst2-/- background mice were

obtained. Littermates of Cre- and Cre+ animals were matched in most experiments.

Wild type C57BL/6 animals were ordered from Jackson Laboratories (Bar Habor,

ME). C57BL/6 mice expressing CD19 Cre were crossed with mice homozygous for a

LoxP-modified Ext1 allele (Y Yamaguchi, Burnham Institute, San Diego, CA)

generating heterozygous Cre-mediated deletion of the Ext1 gene in B cells. Through

further crossing, Ext1f/f CD19 Cre+ and Ext1f/f CD19 Cre- littermates were bred. The

mice were born healthy and grew normally, showing no obvious anatomical

abnormalities. All animals were handled in accordance with protocols for the humane

treatment of animals approved by the IACUC and Animal Subjects Committee at the

University of California, San Diego. All experiments were approved by the Animal

Care Facility.

T Cell Isolation  Mice were killed by cervical traction while in isoflurane

(Vedco, St. Joseph, MO) anesthesia. The spleen and thymus were removed and placed

in phosphate-buffered saline (PBS) with 1% fetal calf serum (FCS) and 10 mM Hepes

(Invitrogen, Carlsbad, CA). The organs were mashed between two sterile slides and
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resuspended in ACK lysis buffer (Fisher Scientific, Pittsburgh, PA) for 2 minutes to

eliminate red blood cells. The cells were filtered through a 40 mm cell strainer (BD

Falcon, Franklin Lakes, NJ) and T cells were isolated using anti-CD90 antibody-

coated paramagnetic beads (MACS, Miltenyil Biotec, Auburn, CA) as indicated by the

manufacturer. T cells from blood were collected by tail vein incision and isolated

similarly to the organ isolation protocol.

B Cell Isolation  Mice were killed as described. Peritoneal lavage was

performed using 10 mL sterile PBS and peripheral blood was obtained by cardiac

puncture, using EDTA as an anticoagulant. Bone marrow was obtained by flushing the

femurs, tibiae and humeri with sterile buffer (Hank’s Balanced Salt Solution (HBSS)

with 1% FCS and 10mM Hepes). The spleens were removed, and B cells from

peritoneum, bone marrow, spleen, and blood were isolated by procedures similar to

those described for T cells, using anti-B220 antibody-coated paramagnetic (MACS)

beads.

Lymphocyte Subpopulations. B cells from bone marrow, peripheral blood,

spleen, and peritoneal lavage were stained for flow cytometric analysis with various

combinations of the following monoclonal antibodies (Pharmingen, BD Biosciences,

San Diego, CA ): anti-CD43-FITC, anti-IgD-FITC, anti-IgM-PE, anti-B220-FITC or

–PerCP, anti-CD3-PE. Fc receptor-mediated unspecific binding was blocked by pre-

incubation with unlabelled anti-CD16/anti-CD32 antibody (Pharmingen). Absolute
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lymphocyte numbers in EDTA-anticoagulated peripheral blood from tail veins were

counted using an automated hematology instrument calibrated for mouse samples. The

B and T cell percentages of the total lymphocytes were determined by flow cytometry

in parallel samples stained with anti-B220-FITC and anti-CD3-PE, and the B and T

cell counts were calculated. T cells from blood, spleen and thymus were stained for

flow cytometric analysis with the following monoclonal antibodies (Invitrogen,

Carlsbad, CA): anti-CD4-FITC, and anti-CD8-PE.  Flow cytometry was performed on

a FACSCalibur flow cytometer (Becton Dickinson, San Diego, CA) and the data were

analyzed using the CellQuest software (Becton Dickinson).

bFGF Binding. The binding of basic Fibroblast Growth Factor (bFGF) was

determined using flow cytometry. Isolated T cells were incubated with biotinylated

bFGF in Hams F12 medium (Invitrogen, Carlsbad, CA) with 0.5 % BSA  (Sigma, St.

Louis, MO) for 1 hour with shaking at 4ºC. Cells were washed twice in PBS and

incubated in PBS containing streptavidin-APC for 20 minutes with shaking at 4ºC.

Samples where bFGF was omitted were included as negative controls. bFGF binding

to B cells from bone marrow, peripheral blood, and spleen was also determined, and

the B cell sub-populations were gated using antibody staining as indicated above. To

show that bFGF binding was related to heparan sulfate expression, controls were also

performed after pre-treatment of T and B cells with heparin lyases I, II, and III

(Seikagaku, East Falmouth, MA) for 4 hours at 37 oC.
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Proteoglycan Expression.  The expression of syndecan-1 on B cell

subpopulations in bone marrow, peripheral blood, and spleen was determined using

flow cytometry. The cells were incubated with a rat anti-syndecan-1 antibody

(Research Diagnostics, Flanders, NJ) at 1.7mg/106 cells for 20 min at 37 oC. Binding

was detected in a two-step procedure, using a biotinylated rabbit anti-rat antibody

(Pharmingen) followed by streptavidin-APC. The B cell subpopulations were gated

using antibody staining as indicated above. Samples where anti-syndecan-1 antibody

was omitted were used as controls for unspecific binding.

B Cell Responses. Littermate pairs of Ext1f/f CD19 Cre+ and Ext1f/f CD19 Cre-

mice were immunized with dinitrophenol conjugated either to keyhole limpet

hemocyanin (DNP-KLH, Biosearch Technologies, Novato, California) to test T-

dependent B cell responses or to ficoll (DNP-ficoll, Biosearch Technologies) to test T-

independent B cell responses. The mice were given metoxyflurane anesthesia

(Medical Developments International, Springvale, Victoria, Australia) and all blood

samples were obtained from tail veins. Immunizations with DNP-KLH: After

obtaining a pre-immune blood sample, 10 ug DNP-KLH in 100 uL Freund’s complete

adjuvant (Sigma, St. Louis, Missouri, USA) was given subcutaneously in the first

series of experiments (n= 7 littermate pairs). Samples were drawn after 7, 14, and 28

days, and a booster dose of 10 ug DNP-KLH in 100 uL Freund’s incomplete adjuvant

(Sigma) was given immediately after the 28-day sample. A final sample was drawn on

day 35, whereafter the mice were killed. In a second series (n=5 littermate pairs),
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immunizations were given intraperitoneally, samples were drawn on days 0, 14, 21

and 28, and the booster dose was given on day 21. Immunizations with DNP-ficoll:

After obtaining a pre-immune blood sample, 10 ug DNP-ficoll in 100 uL sterile PBS

was given subcutaneously in the first series of experiments (n=7 littermate pairs).

Samples were drawn after 7 and 14 days, and the mice were killed. The second series

was performed similarly (n=5 littermate pairs), except that the immunizations were

given intraperitoneally. Serum was kept at – 20 oC and analyzed in one batch.

Quantification of DNP-specific antibodies was done in enzyme immunoassays.

The plates were coated with DNP-BSA (Biosearch Technologies) 200 ug/mL and

blocked with 10 % FCS in PBS. Serum was diluted 1/200 for measurement of IgM (all

samples), 1/1000 for measurement of IgG1 (DNP-KLH-immunized mice), and 1/800

for measurement of IgG3 (DNP-ficoll-immunized mice). Detection was performed

using alkaline phosphatase-conjugated goat anti-mouse isotype-specific antibodies

(IgM, IgG1, or IgG3, Southern Biotechnology Associates, Birmingham, Alabama,

USA). The substrate was pNPP (Southern Biotechnology Associates), and the

reactions were stopped after 20 min using 2 M NaOH. Optical density at 405 nm was

read spectrophotometrically (Molecular Devices, Sunnyvale, CA), and the results are

given as mean optical density of duplicate wells.

T cell proliferation after activation.24 well tissue culture plates (BD Falcon,

Franklin Lakes, NJ) were coated with goat anti-hamster IgG (Sigma) at 37 ºC for 2

hours and washed with PBS. Hamster anti-mouse CD3 antibody (Pharmingen) was
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added to the wells at increasing concentrations from 25 ng/ml to 800 ng/ml, and the

plates were incubated at 37 ºC for 1 hour. Isolated T cells (10 x 106 cells/ml) were

incubated in 2.5 mM Carboxy-fluorescein diacetate, succinimidyl ester (CFSE)

(Invitrogen, Carlsbad, CA) in prewarmed PBS  at 37 ºC for 10 minutes. CFSE is a

cytoplasmic dye that becomes more diffuse with each cell division. The cells were

washed in PBS and transferred to the anti-CD3 coated plates, permitting crossbinding

of T cell receptors and induction of activation and proliferation. After two days of

incubation at 37 ºC with 5 % CO2, the cells were harvested and flow cytometry was

performed.

Splenic Histology. Histological analyses were performed by the Cancer Center

Histology Core at the University of California, San Diego.  Frozen sections were cut

and stained with a T cell specific antibody to CD3 (Abcam, Cambridge, MA), a

macrophage specific antibody to F4/80 (Abcam), or a B cell specific antibody to B220

(R&D Systems, Minneapolis, MN).

IL-2 Secretion Supernatants from activated T cells were tested for IL-2

production using a commercial ELISA kit (eBioscience, San Diego, CA).

Statistics Due to small data sets and non-normal distribution of variables, non-

parametric statistics were used. Data are given as medians with 95% non-parametric

confidence intervals (six or more observations) or range (less than six observations) in
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parenthesis. Differences between littermate pairs were compared using the Mann-

Whitney U-test. The antibody responses after immunization were analyzed using two-

way analysis of variance for repeated measures, employing logarithmic or rank

transformation if necessary to get an appropriate model fit.
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Cargo to Cells Through a Heparan Sulfate-Dependent Pathway
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