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by

David Berry
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In Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy in Molecular and Systems Toxicology and Pharmacology

Abstract

Glycosaminoglycans (GAGs) are complex polysaccharides that exist both on the cell
surface and free within the extracellular matrix. The intrinsic sequence variety stemming from
the large number of building blocks that compose this biopolymer leads to substantial
information density as well as to the ability to regulate a wide variety of important biological
processes. With the recent and progressive emergence of biochemical and analytical tools to
probe GAG structure and function, efforts can be taken to understand the role of GAGs in cell
biology and in disease in the various physiological locations where GAGs can exist.

As a first step to probe the functions of GAGs, the heparin/heparan sulfate-GAG
(HSGAG)-fibroblast growth factor (FGF) system was examined. Understanding the role of
HSGAGs in inducing FGF2 dimerization led to the development of a novel engineered protein
that was found to be effective at promoting functional recovery in stroke. Subsequently,
methods to isolate HSGAGs from the cell surface were optimized and the ability of HSGAGs to
support FGF signaling was investigated. Cell surface HSGAGs can define the responsiveness of
a given cell to FGF1 and FGF2 through multiple receptor isoforms. Stromal cell derived
HSGAGs were also identified as critical regulators of tumor cell growth and metastasis, effecting
not only FGF2., but also 1 -integrin signaling. Other GAGs, including dermatan sulfates, were
characterized as modulators of FGFs and vascular endothelial growth factors. Finally, FGFs and
HSGAGs were found to have important roles in maintaining epithelial monolayer integrity, with
syndecan-l serving as a critical factor in inflammatory bowel disease.

In addition to understanding HSGAGs in their normal physiological settings, techniques
to internalize them were developed. Poly(3-amino ester)s were found to condense heparin and
enable its endocytosis into cells. Internalized heparin is preferentially taken up by cancer cells,
which often have a faster endocytic rate than non-transformed cells, and promotes apoptotic cell
death. Internalized heparin can also be used as a tool to probe cell function. In Burkitt's
lymphoma, poly(3-amino ester)-heparin conjugates served to identify cell surface HSGAGs as
an important modulator of cell growth that can be harnessed to inhibit growth.

Finally, studies that sought to broaden the scope of GAG biology were undertaken. Cell
surface HSGA(:is were identified as mediators of vascular permeability. Furthermore a novel
technique to immobilize GAGs was employed. The interactions between GAG and substrate
were via hydrogen bonding. Immobilization of GAGs alters their properties, such that they can
affect cells in ways distinct from GAGs free in the ECM. Furthermore, immobilized GAGs can
regulate cancer cell adhesion, growth and progression, and may offer a new way to regulate the
activity of cancer cells. In addition to directly providing new potential therapeutics and drug
targets, these studies represent a foundation to enable additional studies of GAG function.
Future work harnessing the techniques presented may open new avenues of research and
facilitate the development of novel GAG-based therapeutics.
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Chapter 1. Introduction to glycosaminoglycans

1.1 The Extracellular Matrix

The extracellular matrix (ECM) has long been considered an inert scaffold that surrounds

cells, providing them only with physical support. More recent evidence has revealed that the

ECM plays essential roles in regulating cellular behavior [46, 200, 245, 435]. The contents of

the ECM sequester water to provide the turgor of soft tissues, bind growth factors, serve as

adhesion sites for cells, among other processes. Local cells secrete the components of the ECM,

which self-assemble into a complex network within the extracellular space. The ECM is

composed of three primary groups of macromolecules: structural proteins, adhesive
,t~s ,At f~n and.. _ _ ._ .... . . .. 

glycuprutllns, anu

glycosaminoglycans (GAGs)

[491]. Structural proteins include ES

collagens and elastins, the former

of which is the most common

protein in animals. Adhesive

glycoproteins include fibronectin

and laminin, which play an c

important role in assembling the
Figure 1.1. Physiological localization and structure of

signaling complexes at the HSGAGs. ISGAGs (green lines) are bound to PGs (red lines)
either free in the ECM or on the cell surface. The potential sites of

intersection between cells and the acetylation or sulfation (X's) and sulfation. acetylation. or

ECM through integrins. GAGs unsubstitution (Y's) influence the ability of HISGAGs to interact
with growth factors and other proteins (orange circles) in the ECM.

and associated proteoglycans (PGs) Figure from [427].

are the third general component of the ECM (Figure 1.1), and serve both to bind water,

providing tissue turgor pressure, and to regulate a wide variety of essential cell processes [194].

GAGs additionally serve as an important extracellular reservoir for cytokines and chemokines.
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1.2 Structure, Synthesis, and Biological Function of

Glycosaminoglycans

GAGs are composed of disaccharide repeat units that broadly consist of an uronic acid

(either a-L-iduronic acid or f3-D-glucuronic acid) linked 1---3 or 1-4 to an amino sugar (either

V-acetyl glLcosamine or N-acetyl galactosamine). The specific monosaccharide constituents and

bonds of the disaccharide repeat unit used throughout the GAG polymer define the category of

the GAG. Four major categories of GAGs exist: heparin/heparan sulfate glycosaminoglycans

(HSGAGs): chondroitin sulfate (CS)/dermatan sulfate (DS) GAGs: hyaluronic acid (HA); and

keratan sulfate. Keratan sulfate is unique as it contains monosaccharides not seen in the other

categories of GAGs [330, 338]. Additionally, keratan sulfate lacks uronic acid and contains

branched regions [330, 338]. Unlike other GAGs, keratan sulfate has not been found to bind

specifically to a protein of known

function [330, 338, 483], and therefore,

this GAG is not investigated in these

studies. The structures of HA,

HSGAGs, CS, and DS, which are the

subjects of this thesis, are provided in

Figure 1.2.

HSGAGs, CS and DS are

synthesized in the golgi apparatus with

the GAG polymers attached to a PG core

protein [426, 4:54] GAGs attach to PGs

through the serine residue of consensus

Ser-Gl v/Ala-X-Gly motifs. All

eukaryotic cells synthesize PGs, which

are secreted into the ECM stored in

secretory granules, or attached to the cell

membrane [427]. PGs can contain a

single GAG type, as with HSGAG-

I .A I lS( \(i

() \( '(l £, ( ) F l' l

(.. ll, , ,111¢ [Cid
Off

(i hlll r lll)1 Stll'I,. lknn (ln

t.-.()i l.e,,\) ( Ii

Nit( '( X 'tl, ( )1t \li ( t II t:

II ii 

i rt ll 
(i.I.: lrtll \¢:'L] N-.,h .'P.glJIfit[O%111r1;. (rja.'lrolllC ~,cl \'A'x'Jd' d~ch)"'llln¢.'t;'l[

Figure 1.2. Structures of disaccharides composing the
various GAGs used. The HSGAG disaccharide can be
modified at five sites. Three sites (2-0. 3-0. and 6-0)
indicated bh "X" can be sulfated. The site denoted bh "Y"
can be unmodified acetvlated or sulfated. The epimerization
state of C5 sugar of the uronic acid determines whether
iduronic acid or glucuronic acid is present. Heparin is a
highly sulfated HSGAG while tIS is an undersulfated
HSGAG. The CS disaccharide is sulfated specificall to
determine its species. CS A is sulfated at XV and unmodified

at Xc. while CS C is sulfated at Xc and unmodified at XA.
The dermatan disaccharide can be sulfated in additional sites
to those illustrated. T'he epimcrization state of C5 site of the
uronic acid determines whether iduronic acid or glucuronic
acid is present.
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specific glypicans or multiple types of GAGs, as with syndecans. HA, however, is not bound to

a PG. Rather, HA is synthesized by an integral plasma membrane synthetase that releases the

HA directly into the ECM [257].

EXT11EXT2 ,

HS polymerase epan

o - GIcNAc- GIcA-[4GIcNAc(l -4)GIcAl5l ]n

EXTL2

GlcNAcT-I

| Chondroitin synthase? 

I I I
i GalNAcT-I ATIGaNAcT-II GAT- I GalNAcTI 

· - GaINAc - GlcA-[3GaINAc(31 -4)GlcAI31 In-

IHeparan sulfate

GlcAT-I GalT-I 

-4GlcA(lil -3)Gal(1 -3)Gal(b1 -4)Xyl 31 -O

Core proteini Gl-IiXl

Chondroitin sulfate/Dermatan sulfate

Figure 1.3. Current models of GAG biosynthesis. As described in the text. GAGs are synthesized linked to
PGs by a GAG-protein linkage region of GlcA( 31-3)Gal(31-3)Gal(P3l-4)Xyl3l--Ser, shared among HSGAGs.
CS, and DS. After the formation of the linkage region by the action of specific glycosyltransferases, (AGs are
elongated by the alternating addition of N-acetylhexosamine and GIcA residues. EXT denotes hereditary
multiple exostoses gene, EXTL denotes EXT-like gene, (al denotes galactose. GalNAc denotes N-
acetylgalactosamine. GalT denotes galactosyltransferase. Glc denotes glucose. GIcA denotes glucuronic acid.
GlcAT denotes glucuronyltransferase, GlcNAc denotes V-acetylglucosamine, and XyIT denotes
xylosyltransferase. Figure adapted from 1454].

GAG biosynthesis is a highly complex process involving several groups of enzymes

[426, 454]. In HSGAGs, CS, and DS, a tetrasaccharide linker (GlcA31l-3Gall31-3GalB31-4XylP1;

Figure 1.3) is first assembled through the activity of four enzymes which connect the four

monosaccharides. Chain elongation occurs subsequent to an essential phosphorylation of the 2-

O position of the Xyl monosaccharide [363, 454]. The first step of chain elongation, transfer of

either N-acetyl glucosamine (HSGAGs) or N-acetyl galactosamine (CS/DS) by one of two

glycosyltransferases, determines the specific category that the particular GAG will become

[454]. A multidomain glycosyltransferase then elongates the chain, adding 3-D-glucuronic acid,

N-acetyl glucosamine, or N-acetyl galactosamine, as appropriate, given the leader

monosaccharide. Subsequently, the GAG polymer is modified by epimerization of some of the
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-D-glucuronic acid to ut-L-iduronic acid, O-sulfation, N-sulfation, and N-deacetylation [269].

These modifications are not driven by a template, unlike other biopolymers such as DNA or

proteins. The complexity intrinsic to GAG synthesis increases the information content of the

polymer but also increases the difficulty associated with characterizing it [38, 488].

The sulfation pattern of the GAG polymer contributes to its biological functions. In

HSGAGs, potential 2-0 sulfation on the uronic acid, 6-0 and 3-0 sulfation of the glucosamine,

and an unmodified, acetylated or sulfated amine, lead to 48 potential disaccharide units that

compose the 110-100-mer HSGAG chain [370]. The four potential sites of sulfation make

HSGAGs the most acidic biopolymers in nature. [138, 139]. HSGAGs are typically referred to

as either heparin-like or heparan sulfate (HS)-like. Heparin is a highly sulfated HSGAG

predominantly 2-0- 6-0- and N-sulfated, that is synthesized on the serglycin core protein and

stored within mast cell granules, acting as a reservoir for proteases [189]. HS is ubiquitous on

the cell surface with a more variable sulfation pattern which is lower than that of heparin, with a

greater amount of unsulfated glucuronic acid [77, 106]. Commercially available HSGAGs

typically have molecular weights ranging between 7 and 35 kDa [77].

DS contains regions of predominantly iduronic acid and those with mostly glucuronic

acid. The galactosamine, though primarily 4-0 sulfated, can be only 6-0 sulfated or 4-0- and 6-

O disulfated. 2-0 sulfation of the uronic acid is additionally possible [330, 338]. In CS, the

uronic acid is 13-D-glucuronic acid, and can be sulfated at the 2-0 and 3-0 positions. On the

galactosamine, CS can be sulfated at either the 4-0 position (CS A) or at the 6-0 position (CS C)

[232, 508, 509]. CS is typically found in large, aggregating PGs with 20-100 chains, each with a

molecular weight of 15-70 kDa. DS, however, is typically found in smaller PGs with only 2-8

chains of 15-55 kDa [104].

HA is distinct from both HSGAGs and CS/DS GAGs. The disaccharides are the same as

in unmodified HSGAGs (-D-glucuronic acid and N-acetyl glucosamine), but the glycosidic

linkage reflects that observed in CS. HA is additionally unsulfated [13, 104, 257, 502]. HA

polymers are much larger than those of other GAGs, with molecular weights of 100-1000 kDa,

and LIup to 25,000 disaccharides in length [290, 324].

The combination of the specific modifications possible produces the set of disaccharides

that serve as the building-block unit for GAGs, similar to nucleotides for DNA or amino acids

for proteins. The great variety of disaccharide units that exist even within a single category of
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GAGs leads to enormous potential primary sequence possibilities and greater information

density than DNA or proteins.

Similar to protein structures, the GAG polymers can be described at multiple levels. In

addition to the primary structure detailed above, which is defined by the composition of the

specific disaccharide units and their order, the secondary structure of GAGs has been examined

[13, 304, 307]. In general, the secondary structure of GAGs is repeated helical winding. A

tertiary structure, similar to that of proteins, has not yet been described for GAGs.

1.3 GAG-degrading enzymes

While great steps have been made in understanding GAG biology, its study has lagged

behind that of other biopolymers, namely nucleic acids and proteins. The increased number of

building blocks (48 in HSGAGs) compared to nucleic acids (4) and proteins (20), leads to

increased structural complexity, which, along with their highly charged nature, has hindered the

development of necessary biochemical tools. Furthermore, unlike nucleic acids (polymerase

chain reaction) and proteins (recombinant techniques), no amplification technique exists for

GAGs.

HSGAG-degrading enzymes have served as the primary tool to dissect out structure-

function relationships. Six HSGAG degrading enzymes have been isolated [104, 106, 270]. Of

these, heparinase I (hepl), hepll, and hepll have been well characterized [105, 154-156, 424,

425, 440-442, 488]. The heparinases digest different HSGAG sequences, each through a lytic

enzymatic mechanism. In general, hepI cleaves highly sulfated domains, and hepIII cleaves

undersulfated domains. Hepll, however, does not have specific sulfation requirements, and

cleaves regions that can be digested by each of hepl and heplll.

The primary structures of these three enzymes show little homology and they are not well

conserved with other proteins [422]. HepI and heptll each have two HSGAG binding sequences,

while hepll has three such sequences [58]. The HSGAG binding sequences are not required to

the same extent in heplll as they are in hepl, consistent with the specificity of heplll for

undersulfated HSGAGs. Additionally, hepI requires specific calcium binding for maximal

activity, while hepll and heplll are not calcium dependent [442].
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These heparinases, derived from the ubiquitous soil bacteria Flavohacterium hepacrinum,

are distinct from mammalian GAG-degrading enzymes [104]. The mammalian GAG-degrading

enzymes have an exolytic mechanism compared to the hydrolytic and endolytic mechanism used

by hepl, hepll, and heplll [298, 478]. These enzymes would not make effective biochemical

tools as they preferentially function at low pHs and are typically lysosomal membrane

associated. A mammalian heparinase has been identified and characterized, however, that

digests HS in the ECM through an endolytic mechanism, similar to the heparinases [19, 186,

494, 496]. While this enzyme has proven important in maintaining normal tissue architecture

and cancer progression, its limited substrate specificity decreases its potential utility as a

biochemical tool [496].

Understanding the biochemical basis by which HSGAG-degrading enzymes selectively

depolymerize substrates has greatly increased their utility as tools in characterizing structure-

function relationships. The use of heparinases coupled with mass spectrometry techniques has

enabled the sequencing of HSGAG oligosaccharides [488]. Even without providing sequence

information, heparinases have enabled critical insights into HSGAG-growth factor interactions

[30] as well as the role of HSGAGs in cancer [274].

The HSGAG-degrading enzymes are the best characterized and most utilized of the

GAG-degrading enzymes. Research has also focused on the isolation and characterization of

enzymes that digest other categories of GAGs. Flavobacterilun hepatrinum produces four

chondroitin lyases, which digest CS and DS with known substrate specificities. Chondroitinase

C cleaves CS C (6-0 sulfated CS). Chondroitinase AC cleaves CS A (4-0 sulfated CS) and CS

C. Chondroitinase B specifically degrades DS (CS B), and is the only known enzyme to do so.

Chondroitinase depolymerizes all of the CS and DS isomers [104, 204]. Chondroitinase AC and

chondroitinase B have been cloned from Flavobacteriuml heparinum, but the genes for

chondroitinase C and chondroitinase ABC have not yet been cloned. Rather, two isoforms of

chondroitinase ABC from Proteus vulgcaris have been cloned and characterized [302, 303, 428].

1.4 Cell surface HSGAGs

HSGAGs are found on the surface of every eukaryotic cell [427]. Cell surface HSGAGs

are attached to the heparan sulfate PG (HSPG) families of syndecans and glypicans. Attachment
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to other HSPG families, such as perlecans, predisposes HSGAGs to release into the ECM such

that they are not directly cell-associated. The syndecan family consists of four gene products

with a highly conserved, short, cytoplasmic domain, but distinct extracellular domains. The

glypican family contains six gene products that are covalently linked to plasma membrane lipids

via a glycosylphosphatidylinositol anchor [29, 529].

Cell surface HSGAGs are important in regulating the response of the cell to its

microenvironment. Although the interactions between HSGAGs and proteins at the cell surface

were once considered non-specific, recent research has demonstrated ligands, such as fibroblast

growth factors (FGFs), which require HSGAG sequences of defined length and structure. In the

ECM, HSGAGs may act as a sink," binding growth factors and cytokines, and protecting them

from proteolysis. On the cell surface, HSGAGs localize proteins for receptor binding and signal

transduction, as with growth factors, and for internalization and degradation, as with lipoprotein

lipase and thrombospondin [29, 35, 320].

Cell surface HSGAGs act with the cell's receptors to enable the cell to appropriately

respond to its environment. HSGAG chains, however, are long enough to span the intracellular

space, potentially enabling direct interaction between cells [46, 493]. HSGAGs and their

associated HSPGs on the cell surface have been implicated in modulation of cellular response to

mitogens, actin reorganization, adhesion, viral entry, membrane transcytosis, and other processes

[89, 99, 456, 479]. The HSGAGs of a given cell type are unique, with specific compositions

dependent on the quantities and isoforms of biosynthetic enzymes produced. The HSGAGs of a

cell type, however, are by no means fixed, as extracellular and intracellular processes can have

dynamic effects on the HSGAG composition [427]. Generating profiles of a cell's surface

HSGAG can offer insights into its function.

In addition to sequence, HSGAG location is also an important determinant of function.

Only HSGAGs that are immobilized on the cell surface serve as FGF2 co-receptors [395, 511].

On the other hand, syndecan shedding is an important element in Wnt signaling [5]. Syndecan

shedding occurs with proteolytic cleavage of the core protein within nine amino acids of the

outer leaflet of the plasma membrane [29, 128]. Glypicans can also be shed via

glycosylphosphatidylinositol-specific phospholipases [86]. After shedding, the HSPG

ectodomains retain their ligand binding properties. Shed syndecans can, for example, inhibit
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FGF2 activity [219]. HSPG shedding therefore represents another route by which HSGAGs can

regulate cellular activities and enable communication between cells.

1.4.1 HSGAGs in Cancer

Not surprisingly, HSGAGs have been found to influence cancer in a multifaceted

manner. Anticoagulation has long been known to have a protective effect in cancer [521, 522].

Heparin and low molecular weight heparins have been demonstrated to improve the mortality of

cancer patients by preventing deep venous thrombosis and subsequent pulmonary embolism, one

of the primary causes of death in cancer [79, 523]. Additionally, various cancers are growth

factor dependent, enabling HSGAGs to regulate cell processes in these cancers. Changes in

HSGAGs can influence autocrine and paracrine signaling loops potentially leading to

unregulated tumor growth [472].

HSGAGs are also intimately involved in oncogenesis as well as tumor growth,

progression, and metastasis. During tumor onset, cell surface HSGAGs are altered as the cell is

transformed [38, 427]. This process may change cellular responses to extracellular mitogens and

cytokines important to a tumor, potentially affecting growth [274]. Alternatively, changes in the

cell surface HSGAG profile, including not only GAG fine structure, but also sequences in the

core protein, may play a more fundamental role [427]. Syndecan-l expression is downregulated

in several cancers including uterine carcinoma, with progressively decreasing levels as the tumor

becomes invasive [417]. Glypican- also acts as a negative regulator of growth for some cancers

[123]. The cell, surface HSGAGs additionally contain cryptic regions that can promote or inhibit

proliferation and metastasis [274].

In addition to cell surface HSGAGs, those in the ECM also play important roles in

cancer. HSGAGs are a major component of the basement membrane, which acts as a barrier to

tumor invasion and metastasis. Breakdown of the basement membrane and other ECM

components by enzymes including heparanse. is an important step in cancer metastasis [186,

495, 496]. Exogenous highly sulfated HSGAGs inhibit tumor cell adhesion, an essential step in

metastasis [44]. Endostatin, a collagen XVIII-derived fragment that prevents tumor growth, is

additionally inhibited by specific HSGAG fine structures [40, 247, 345, 421, 503]. HSGAGs

also indirectly affect cancer viability by regulating angiogenesis, a process that is essential for

cancers to grow beyond 1-2 mm [133, 196]. The multitude of angiogenic factors regulated by
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HSGAGs, including FGFs and vascular endothelial growth factors (VEGFs) enable changes in

HSGAGs to promote or inhibit angiogenesis [423].

A) I

CELL
SPREADING

Figure 1.4. Syndecan-integrin interactions. Various mechanisms by which syndecans and integrins can
interact to influence cell spreading. Figure adapted from [24].

1.4.2 HSGAGs and integrin signaling

Cell adhesion is a critical aspect of proliferation migration and differentiation. Cell

surface adhesion receptors bind directly to ECM components, serving as a link between the ECM

and cell signaling pathways [306, 408]. Several ECM ligands contain closely spaced binding

domains to integrins and to PGs, suggesting the possibility of signaling complexes concurrently

involving both components. Nonetheless, only the role of the integrin component of this putative

complex has been established [23]. The GAG component of syndecans is well characterized in

its ability to bind several ECM components including collagens, fibronectin, and laminin [29].

The syndecan core protein has also been implicated in adhesion-mediated signaling. Focal

adhesions and stress fiber formation, for example, require both syndecan-4 and integrins (Figure

1.4A) [199, 505]. Syndecan-1 expression can also promote cell spreading, focal adhesion

formation and stress fiber formation [59, 173]. Sydecan-1 has been implicated in acting in

concert with I integrin (Figure 1.4B). Syndecans are thought to trigger cell spreading

associated signaling cascades either by exposing a cryptic binding site or by directly modulating

their activation state [23, 190]. Recent evidence has demonstrated that, syndecan-l can form a

signaling complex with VP33 integrins, which promotes cell signaling [24]. Furthermore,

syndecan-4 has been postulated to provide a mechanical link between cvf3l integrins and F-actin
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[24]. Syndecans and associated HSGAGs may therefore serve as a potent mediator of integrin

signaling and cell spreading.

1.4.3 Cell surface HSGAGs and monolayer integrity
Tissue injury due to infection or physical damage promotes an inflammatory response

that is essential to regaining normal homeostasis. An important component of this process is the
translocation of various white blood cells from the vascular system through the endothelial lining

and the ECM to the injured tissue [3]. Acute inflammation is also associated with an increase in
vascular permeability that has pathological consequences including tissue edema, inappropriate

tissue oxygenation

leading to organ

failure, and potential

multiorgan failure

subsequent to trauma Vessel
lumen

and sepsis [259, 284,
Endothelial

297]. Vascular ce,,ls
Easement

permeability is membrane

increased by a tissue

crmnlex fcriir-ctPn

process (Figure 1.5) Figure 1.5. Steps by which injury and inflammation promote leukocyte
diapedesis and homing. Tissue injury causes leukocytcs to roll along the

involving back-and- endothelial lining via reversible binding through .- and P-selectins. expressed on
the leukocytes and endothelial cells respectively. The cell-cell contact facilitates

forth cell-cell crosstalk by chemokines hich causes leukocyte flattening and subsequent

crosstalk [3]. The diapedesis through the endothclial lining. Figure irom [4061.

critical first step involves the elaboration of chemoattractants, cytokines, and complement

components from the site of injury, which activate the endothelium as well as leukocytes [406].

Neutrophils release inflammatory peptides from azurophilic granules, which contain cationic

peptides including heparin-binding protein(HBP)/azurocidin which, along with elastase and

cathepsin G, has been implicated in vascular permeability changes [43]. The method by which

HBP induces vascular permeability, however, remains unknown. The highly cationic nature of

these proteins supports possible HSGAG binding. Furthermore, anticoagulant therapy in acute
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lung injury has been demonstrated to increase pulmonary vascular permeability [256]. HSGAGs

may therefore be essential mediators of monolayer integrity.

1.5 GAG-Protein Interactions

GAG-protein interactions play important roles in a wide variety of physiological and

pathological processes (see [61, 77, 476]). Ligand-GAG binding has a wide variety of functional

consequences including: ligand immobilization increasing the local concentration; induction of

conformation changes in the ligand or the GAG chain enabling presentation to receptors;

oligomerization of growth factors or chemokines; and protection of growth factors and

chemokines from proteolysis and denaturation [60, 86, 109, 140, 202]. Interactions between

HSGAGs and other ECM components regulate development, angiogenesis, wound healing, and

tumor progression [77, 167, 207, 268, 370]. HSGAGs, CS, and DS can also serve as cofactors,

regulators of enzymatic activity, signaling molecules, and bacterial virulence factors [90, 411,

432, 474]. By regulating the coagulation cascade as well as a plethora of morphogens,

cytokines, and chemokines, GAGs play a critical role throughout biology (Table 1.1).

FG- F- ' i

FGF-2

HGF'SF (HS site )
HGF'SF (DS site)
TGFB-I
PD(;F
HARP/HB-GAMN

W'nt familv
EGF family members
V\E(iF
Collave ns

Fibronectin Hep II
Laminin
IGFBP3 and IGFBP5

Penta to heptasacchalride contanining ldoA 2-OSO3 ). GlcNS. GIcNS(6-OSO; 
Decasacchalide required forL activity (63 )

Tetiadeccasaccharicle containing [IdoA( (-OS( )3 -(I-lcNS]s
Pentasacchaiicle HexA-(lcNS-HexA-GlcNS-IdoA.( 2-OS(-)3
Decasaccharide with 6-0 sulfate requirecl for activity (. 6())#32]

[IdoA-GlcNS(6-OS(-) 3 ] ()ctasaccharide irequiled forl activity (81)
[ldoAX-GalNac 4-OSO3 ] (S)
Long S-domain or tvo short ones separated by a heptasaccharide (91.9 2)
Hex octasaccharicle containing IloA( 2-()SO )-GlcNS( 6-OS(O31 t) 9)
HS. DS. S-domains .4})

S-clom ain ins

S-domains ( 11()
Octasaccharide containing IloA1 2S)-GlcNS. 6-C)-sulfate increases affinity (3. 117)
Dodecasacclharile [cloA( 2--CSO3)!-GlcNS(--(-)SO 3 )]h ( 12))
S-domain containing O)-sulfate ( It21
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1.5.1 The coagulation cascade

One of the primary reasons HSGAGs are the most studied among the GAGs is heparin's

role in anticoagulation and thromboembolic disorders. Hemostasis is carefully maintained by a

complex system involving protein coagulation factors and platelets. The activation of this

system promotes the sequential cleavage of a cascade of zymogens (Figure 1.6), ultimately

forming a fibrin clot. The coagulation cascade contains a series of intrinsic feedback

mechanisms by which the resultant activity can be altered after the cascade is initiated. These

include antithrombin III (AT-III), heparin cofactor II, tissue factor pathway inhibitor, protein C,

protein S, and fibrinolysis [293]. This regulation is essential to limit coagulation to the site of

local injury and prevent potentially lethal conditions including disseminated intravascular

coagulation [48].

s------" ads -' Frxottieijm
*.".red or Tissue acior fter

if',J,'d ;rSz0 -mO~r, Factor X ' Wctzr IXa

Faclor V Factor '011 I/ z
alcc cx .p raCOfEr AI

Factc V -- Faco 'a

Prctirrimbn mo Th"r" Tin t

T UP I'

+i-gFstrr9c F - Fin I 4ltI J .
_ _ V voY TrcmdtLin

Figure 1.6. The coagulation cascade and its inhibitors. Coagulation is initiated by either tissue factor
interacting with Factor VII to produce activated Factor Vll (Factor Vlla). or the activation of Factor IX via
actiated F:actor XII activating Factor XI (not shokn). These pathways converge on Factor X. and ultimately
lead to fibrin clot lbrmation. Antithrombin blocks the activation of Factors XII. XI. IX. X and TT. Figure from

12931.

Heparin's ability to inhibit coagulation through AT-III is essential to its therapeutic use.

Heparin binds thrombin (Factor lla) and AT-III forming a ternary complex that increases the
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ability of AT-III to inhibit thrombin by over 2000-fold, thereby preventing progression of the

cascade [372]. AT-Ill binds heparin through a specific pentasaccharide [443], present in only

3% of commercially available heparin, forming a 1:1 complex that inhibits Factor Xa. Since

heparin is mostly non-AT-Ill binding and its sequence heterogeneity allows for a wide range of

functions, a number of side effects, including heparin-induced thrombocytopenia, are associated

with heparin therapy. Furthermore, the low level of active sequences leads to relatively

unpredictable anticoagulant activity [499]. The pentasaccharide specifically activates AT-IIl for

rapid inhibition of Factor Xa, but the actual inhibition of thrombin requires a chain of 16-18

monosaccharides that has not yet been defined [372]. The sequence and chain length of heparin

are therefore critical determinants of anticoagulant activity.

Heparin plays a range of additional roles in coagulation. These include regulating the

release of tissue factor pathway inhibitor, modulating heparin cofactor 11 activity and regulating

von Willebrand Factor activity [11, 212, 418, 444]. DS has also been demonstrated to affect the

coagulation cascade. A specific DS hexasaccharide binds with high affinity to heparin cofactor

11 and inhibits thrombin [291]. This hexasaccharide, three 2-0 sulfated iduronic acid moieties

and three 4-0 sulfated galactosamines, constitutes only 2% of hexasaccharides in DS. Binding

of the hexasaccharide to heparin cofactor II inhibits the thrombin-fibrin complex [263].

Additionally, a cell surface CS PG, modulates thrombin activity through a specific terminal CS

trisaccharide, although this is not sufficient for thrombin inhibition [47, 48].

1.5.2 Fibroblast growth factor and cell signaling

The role of HSGAGs in modulating cell signaling has been best studied in the FGF

family of proteins [164, 166, 397, 449]. FGFs interact with both cell surface tyrosine kinase

FGF receptors (FGFRs) and the HSGAG component of HSPGs [153, 178, 348, 396]. Currently

23 members of the FGF family have been identified, all of which contain an identifiable, albeit

varying, HSGAG binding sites [349]. There are five FGFRs which possess different isoforms

due to alternative splicing [119, 445]. The ectodomain of the FGFR contains three

immunoglobulin (Ig)-like domains (IgDI-IgD3). IgD2 and IgD3 mediate FGF binding. The

alternative splicing, primarily within IgD3, influences FGF binding specificity [191, 348, 379,

514].
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The interactions of HSGAGs with both FGF and FGFR provide receptor selectivity and

modulate the downstream response [6, 163, 213, 354, 389]. HSGAGs fractions that promote

onlyv FGF1 signaling, only FGF2 signaling, or both, have been identified, suggesting that

different oligosaccharide structures are responsible for the activation of different ligands [246,

383, 388. 389]. The distinct HSGAG moieties have important physiological roles. For example,

within the neuroepithelium, there is a developmental switch in mRNA production of FGF2 (also

bFGF) to FGFI (also aFGF) that is reflected by structural changes within cell surface HSPGs

[335]. Although FGF1 and FGF2 are the best studied members of the FGF family, these

phenomena are likely extendable to the other FGFs. The HSGAG binding sites in FGFI and

FGF2 are more basic than the HSGAG binding site of FGF7 (also keratinocyte growth factor or

KGF) [512]. Furthermore, FGF2 and FGF4 recognize distinct HSGAG structures [6].

Because of the importance of HSGAGs in defining FGF activity, extensive research has

focused on how HSGAGs modulate FGF signaling. HSGAGs are thought to facilitate and

stabilize self oligomerization of FGFs [87]. The interaction of HSGAGs with FGF2 may

increase affinity for the receptor [331, 402] as well as promote dimerization [250, 449].

Furthermore, -ISGAG-FGFR interactions regulate the kinetics of ternary complex formation

[383]. Oligomeric FGF binding to FGFR facilitates receptor oligomerization, leading to tyrosine

kinase phosphorylation and subsequent signal transduction [51 1].

Various mechanisms by which HSGAGs mediate FGF oligomerization have been

proposed and investigated [87, 178, 250, 486, 487]. Crystal structures have provided insight into

how FGF family members interact with HSGAGs and with FGFRs. Co-crystals of FGFI-

HSGAG [92], FGF2-HSGAG [II111], FGFI-FGFRI [379], FGF2-FGFRI [378], FGFI-FGFR2

[451], FGF2-FGFR2 [379], have been obtained along with ternary complex crystal structures of

FGFI-HSGAG..FGFR2 [365] and FGF2-HSGAG-FGFRI [431]. High and low affinity binity binding

domains within FGFI define its interactions with HSGAGs [504]. FGFI interacts with FGFR2

forming two 1:1 complexes that, based on heparin induced rotation, produce an asymmetric

ternary complex with heparin interacting with both ligands but only one receptor [365].

Specifically, the two FGF I ligands are linked by heparin [92]. FGF2 dimers, however, assume a

distinct structure. Dimerized FGF2 forms a stable complex with FGFR in the absence of

heparin, but leaves a canyon in which heparin likely interacts with both FGFs in cis as well as

with the FGFR. [378]. Correspondingly, heparin has been found to interact with FGF2 and
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FGFRI, promoting dimerization and stabilizing the ternary complex [431]. Heparin binds FGF2

without altering the protein confirmation, though the heparin chain itself undergoes changes in

backbone torsion angles upon ligand binding [1 1, 392].

The combination of these structural studies as well as other biochemical studies has

identified critical sequences that bind to FGFs and modulate signaling. The predominant

oligosaccharides in FGF-HSGAG and FGF-HSGAG-FGFR co-crystal structures are a repeat

sequence composed of a 2-0 sulfated iduronic acid linked to a 6-0- and N-sulfated glucosamine.

FGF2-HSGAG interactions are defined by the degrees of N- and 2-0-sulfation [289, 477, 501].

In fact, both FGF1 and FGF2 require N- and 2-0-sulfation for signaling [162]. The 6-0 sulfate

group promotes FGFR1 activation [111, 197, 280], and is thought to be critical for FGF I, but not

FGF2, activity [365, 431]. Of note, pentasulfated trisaccharides consisting of a 2-0 sulfated

iduronic acid flanked on either side by N- and 6-0 sulfated glucosamines bind FGF2, but prevent

formation of the ternary complex [62]. The HSGAG chain length necessary for activation has

also been studied. Typically, ,.-FGF

tetrasaccharides and hexasaccharides can

bind FGF1 or FGF2, but octasaccharides

and longer are necessary to bridge a

-- i
dimerized FGF2 to form a ternary

signaling complex with the receptor

[178, 365, 431]. Nonetheless, HSGAG

polymers as small as disaccharides and

trisaccharides have been found to

support FGF signaling [3471.

_-.- , R · · I

.. n...o Fo

1.5.2.1 The compensation model + 
1

Even with the multitude of co- 0.93 + 0.25Ho +

crystal structures that have been solved, Figure 1.7. Heparin enhances the strength of FGF2

the specific role of HSGAGs in cellular mediated responses. Using the compensation model
for FGF2-heparin interactions. the concentrations of the two

modulating FGF activity has not been components (Fo and Ho) can be used to predict the level of
cellular mediated response as described mathematically by

fully understood. HSGAGs are not the equation, which dictates the 3-dimensional surface
observed. The equation is specific for wildtype FGF2 and

required for FGF2 to induce a cellular heparin. Figure adapted from [3581.

Page 20

i



mediated response through FGFRI [114, 358, 402]. The ability of HSGAGs to facilitate FGF

self-association has suggested that HSGAGs serve to enhance signaling by facilitating a cellular

response at lower ligand concentrations and/or with more rapid kinetics [87, 383]. Producing a

unified mathematical model that accounts for HSGAG-dependent and HSGAG-independent

signaling by FGF2 can serve to characterize how optimal cellular mediated responses can be

achieved by a l:-GF2-HSGAG-FGFR ternary interaction. Correspondingly, a single equation that

can predict the normalized cellular response as a function of heparin and FGF2 concentration

(Figure 1.7) reveals that a given output can be achieved by appropriately adjusting the

concentrations of FGF2 and HSGAG [358]. Furthermore, several FGF2-HSGAG combinations

can yield the same level of signaling, suggesting that as with other equilibrium reactions,

reductions in the binding interactions between any two components, either by decreased

concentration or by mutation, can be compensated for by increasing the effective concentration

of the other components [358]. This finding is of significance as it demonstrates that HSGAGs

are an important component of the FGF signaling complex that serve to facilitate cellular

responses as well as to fine tune the specific cellular response to make it appropriate for

extracellular cues. Physiologically, upregulation and downregulation of cell surface or

extracellular HSGAGs, therefore, serve as an important mechanism by which cells define the

nature and strength of FGF2-mediated signaling [255].

1.5.2.2 Dimeric FGF2

Multiple models of FGF2 oligomerization in the presence of HSGAGs have been

suggested. FGI:F2-HSGAG co-crystal structures [ I 11] as well as several biochemical studies [87,

178, 486] reveal a cis conformation where FGF2 molecules have substantial protein-protein
. · ~ 1 x . I . ·

interactions. NMK studies, however, suggest a

symmetrical FG F2 dimer with possible

disulfated bond formation [317]. Notably,

FGF 1 dimerization occurs in a trans N

confirmation, without protein-protein contacts

[') . An effort to understand now truz

dimerizes. led to the development of a novel Figure 1.8. Diagram ofdFGF2. Figure adapted from

engineered protein, dimeric FGF2 (dFGF2), 12501.
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which has the activity of heparin-bound FGF2 in a heparin-free environment, by directly linking

two FGF2 molecules together (Figure 1.8) [250]. This novel protein provided evidence that the

functional FGF2 dimer involves substantial non-covalent protein-protein interactions with the

two FGFs in the cis conformation. One could predict, based on the compensation model, pre-

dimerizing FGF2 would increase the cellular response. As such, using dFGF2 eliminates the

requirement of heparin for a maximally FGF2-mediated response [18, 250, 358]. Depending of

the specific assay, dFGF2 requires a
Response FGF2 FGF2 dFGF2

lower concentration to achieve the '
1.5 pmole 6.0 pmole 0.7 pmole

same output (increased potency) Linearlengthmm)inear lengt (mm) 0.24 0,05 1!.56 -0.04 1.84 - 005

and/or elicits a higher absolute Clock hours 0.38 0.07 1 50 + 0.07 2.0 - 0.16

collilnr rePnnnq (incrindcl Pffirocv

Figure 1.9).

The ability of dFGF2 to

produce equally or more efficacious

biological effects at doses 8-10 fold

less than FGF2 suggests that the

administration of the engineered

growth factor may offer substantial

therapeutic potential. Members of

the FGF family are in clinical trials

for several important indications

including dermal wounds, peripheral

vascular disease, and coronary arteryry Figure 1.9. dFGF2 has increased potency and efficacy
disease. FGF2 had been previously compared to FGF2 in vivo. Slit lamp photographs of rat

corneas six days after implantation of tlydron pellets containing
investigated for its efficacy in the A) No FGF2 B) 6.0 pmol FGF2 C) 1.5 pmol FGF2 or D) 0.7

pmol dFGF2. Arrows denote location of pellet implantation. The
treatment of acute ischemic stroke, control pellet did not stimulate angiogenesis while those with

FGF2 and dFGF2 did. The angiogenic response elicited with
but both the American and European dFGF2 was greater than that elicited by FGF2 at -ten-fold greater

trials were discontinued before concentration. Figure adapted from [250].

completion. Clinical trials of intravenous FGF2 initiated for acute stroke failed to show efficacy,

but suggest a potential benefit of FGF2 treatment in the subacute, recovery phase following

stroke [41]. Given its: known neuroprotective and vasoactive capacities; its success in both
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treating acute cerebral ischemia and in enabling functional recovery after stroke; the short

plasma half-life of 85 + 1 minutes; and its well characterized metabolism yielding no truncated

metabolites, FGF2 remains an important growth factor for investigation in the setting of stroke

[16, 222, 224, 233, 288, 480, 517]. The failure of FGF2 in clinical trails underscores the need to

develop more efficient approaches to achieve the therapeutic effect in order to minimize serious

potential adverse reactions. The physiological role of FGF2 in stroke, wherein FGF2 is

elaborated into the cerebral ECM by movement through the damaged blood-brain barrier [127]

suggests that appropriate dosing with increased efficacy, as can be achieved with dFGF2, may

offer a potential method to treat stroke.

1.6 Intracellular delivery of large, anionic biopolymers

using poly (p-amino ester)s

The ability to deliver DNA and nucleotide-based drugs has long offered the potential for

therapeutics that could reshape the medical landscape [10, 83, 318]. Although viral techniques

have led to the greatest clinical success to date, issues regarding the safety of such vectors have

given rise to efforts to develop alternative strategies, including polymer delivery vehicles [281-

283]. One area that has been extensively investigated is that of cationic polymers. The

negatively charged strands of DNA allow for conjugation with cationic polymers, which leads to

condensation into nanometer-scale complexes that can enter cells via endocytosis [282]. The use

of cationic polymers. such as poly(ethylene imine) (PEI) and polylysine, has been associated

with drawbacks including substantial cytotoxicity [387, 524]. Safer alternatives to these

polymers were developed by producing o o
NH-NH CH2CI2

degradable polyesters with cationic side /o--0 - + NH RH 

chains, which condense DNA, mediate gene Eq. 1.1- - N- N Eq. .1
transfer, and exhibit low cytotoxicity [264- ' R n

266, 387]. Poly(f3-amino ester)s (PAEs) were o + NH2 CH2C12

developed in attempting to maintain Ro 0

functionality associated with the cationic side N Eq. 1.2
R n

chain polyesters while reducing the need for Equations adapted from [7].
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expensive coupling reagents or specialized monomers [285]. These polymers are synthesized by

the conjugate addition of primary or secondary amines to diacrylates (Equations 1.1 and 1.2)

[285, 286].

PAEs, as a class of polymers, degrade hydrolytically and condense plasmid DNA. PAEs

additionally offer the advantages of having inexpensive monomers and simple, one step

polymerization without requiring purification. The simplicity of synthesis allows for a large

variety of possible polymers to be produced [286]. Nonetheless, structural variations can have a

significant impact on DNA binding and transfection efficacies [285]. A first generation library

of 140 PAEs was produced by the combinatorial addition of 7 diacrylates (A-G) to 20 amines (1-

20). Within the first library, 70 polymers were water soluble, and 56 condensed DNA (Figure

1.10A) at a 1:20 DNA:polymer (w/w) ratio. Notably, two polymers, B14 and GS, were 4-8 times

more effective at

internalizing DNA than PEI A)

(Figure 1.10B), but

exhibited notably less

cytotoxicity. Additionally,

studies of this library

revealed that PAEs best

promote transfection with a

diameter less than 250 nm, a B) -

positive zeta potential, and a

near neural pH [4].

While PAEs offer

potential advantages

including simplicity of

production, low toxicity,

and reduced vector size

limitations, their viral

2C

0)

a:

transtectlon ettlclency in the - 3 - Amne

first library, with 140 Figure 1.10. PAEs condense and internalize DNA. A) Gel shift assay to
explore binding of PAEs to DNA. B) Transfection capacity of DNA-polymer

members, was much lower conjugates. Figure adapted from [286].
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than that of viral vehicles [258, 286]. In an attempt to overcome the efficacy limitations of

PAEs. a high-throughput, semi-automated technique was employed, yielding 2350 structurally

unique polymers (produced from 94 amines and 25 diacrylates), 46 of which had a higher

transfection efficiency than PEI [7]. Furthermore, 26 of these polymers had greater transfection

rates than the best conventional reagent, lipofectamine 2000. PAEs have additionally been

demonstrated to have in vivo efficacy [8, 273].

The anionic nature of DNA is essential for effective binding and internalization by PAEs.

HSGAGs, however, are more anionic than DNA, raising the question as to whether HSGAGs

could be condensed and brought into cells by PAEs. HSGAGs are normally brought into the cell

in a controlled fashion. Heparin binds to FGF2 and FGFR1, for example, forming a ternary

complex that is internalized [365, 448]. Furthermore, a subset of PGs exist and function within

intracellular compartments [243]. This is of potential importance because the relative biological

location of HSGAGs and HSPGs influences function: the tumorigenicity of an HSGAG chain is

distinct whether it is free in the ECM or attached to an HSPG on the cell surface [274]. The role

of diffuse heparin within the cell, however, has not yet been established.

1.7 Immobilized GAGs

GAGs have long been used to coat medical surfaces, beginning with the coating of

medical implants with heparin to reduce thrombogenicity [179, 248, 401]. When heparin is used

to coat stents, it stimulates neo-intima formation, potentially by interacting with growth factors

[278, 328, 460]. Fucosylated CS, however, inhibits smooth muscle cell (SMC) proliferation

[461]. Interestingly, CS C. which is typically devoid of anticoagulant activity, prevents thrombin

formation when immobilized on a surface [228], demonstrating that immobilization can change

the functionality of some GAGs. The ability to augment GAG behavior with immobilization can

potentially elicit novel and enhanced therapeutic functionality.

Immobilized GAGs have been demonstrated to have a wide range of other medically

important roles. HS. CS, and HA have been extensively studied for the prevention of urologic

stone formation [179, 230]. Immobilized HA is also notable for its ability to greatly reduce

bacterial cell adhesion and to inhibit mammalian cell binding [31 ]. The heterogeneity of GAGs

would suggest that a wide variety of functions in addition to those presented here are possible.
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The formation of GAG-coated surfaces has been demonstrated by a wide range of

techniques, including covalent attachment, photoimmobilization, layer-by-layer deposition, and

binding via natural ligands [67, 294, 311, 374, 437, 466]. Chemisorbed techniques, with lower

costs and fewer required reagents, also enable immobilization, although the mechanism is

unclear. Charge interactions, GAG conformation and dehydration through interactions with

water, and hydrogen bonding have each been proposed [312]. Given the potential therapeutic

importance of immobilized GAGs, understanding the mechanisms by which adherence occurs

using less expensive techniques is of importance.
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Objectives

The overall aim of this thesis is to understand the mechanisms by which GAGs modulate cell

function, and how the activities of GAGs in various settings can be harnessed to gain insight into

and to develop potential treatments for diseases. This thesis focuses on three areas: (a) GAG-

growth factor interactions, (b) intracellular GAGs, and (c) new role for GAGs.

GAG-growth factor interactions

GAGs have been well characterized in their ability to regulate cellular behavior by

modulating the activity of growth factors. In order to understand the ability of GAGs to

influence signals from the ECM, the effects on the FGF family will be examined as a model

system, and used to also enable study of other growth factor families. The primary goals of this

section are as follows:

* Explore the effects of a novel engineered growth factor in stroke

* Examine the effects of cell derived HSGAGs on FGF activity

* Determine the mechanisms by which cell derived HSGAGs influence cell behavior

* Understand how GAGs influence cell behavior in the presence of multiple growth factor

families

* Define mechanisms by which FGFs can induce cellular responses in the absence of cell

surface receptors

Intracellular GAGs

The majority of studies focus on the roles of GAGs in the ECM. Nonetheless, GAGs are

brought into the cytoplasm in various physiological and pathological processes. This section will

focus on the development of a novel system to promote the internalization of GAGs and to

explore how intracellular GAGs can influence cell function. The primary goals of this section

are as follows:

· Create a method to internalized GAGs

* Explore the effects of internalized GAGs on cells

· Define the potential utility of this technique
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New roles for GAGs

The regulatory potential of GAGs has not yet been fully elucidated. In this section,

previously unexplored functions of GAGs will be defined and investigated:

· The role of GAGs in vascular permeability.

· Develop GAG surfaces

* Explore the effects of GAG surfaces on cells

The multifaceted approach employed allows for a more thorough understanding of the role of

GAGs in modulating cell function. The results of these studies will not only reveal important

features of how GAGs regulate cellular activity, but also develop a more complete understanding

of various important diseases, leading to potential new therapeutic targets and treatments.
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Section 2. Glycosaminoglycan-Growth Factor Interactions

Overview

Section 2 examines how glycosaminoglycans interact and modulate the activity of growth

factors. Exploring how HSGAGs interact with FGF2 reveals how they dimerize, from which a

novel, engineered growth factor, dFGF2, can be produced. This growth factor was found to

enable functional recovery after stroke. Cell surface HSGAGs can also regulate FGF2 activity,

though the ability of a given cell to elicit an effect is based on the fine structure intrinisitc to that

cell type. HS(GAG modulation of FGF activity also extends to FGFI as well to various FGFR

isoforms. Cell surface HSGAGs can also regulate tumor cell activity. HSGAGs with distinct

fine structures, however, regulate different cell processes, such that a given cell surface HSGAG

can inhibit tumor growth while another can inhibit metastasis. GAGs beyond HSGAGs can also

regulate the activity of various FGFs, as well as of VEGFs. Different GAGs, however, elicit

different cellular effects for specific ligands, and can be used to select for desired cellular

responses in a -pool of growth factors. The ability of HSGAGs to influence FGF activity also has

important implications in inflammatory bowel disease. In a specific i vitro model, FGF2 and

FGF7 could induce cellular effects in the absence of corresponding FGFRs. This effect was

dependent on FGFI. Specifically, FGFI enabled syndecan-I to shuttle FGF2 and FGF7 to the

nucleus, where they could affect cellular responses. Syndecan-1 was additionally identified as a

protective factor in inflammatory bowel disease.
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Chapter 2. Enhanced functional recovery after focal

cerebral ischemia with dimeric fibroblast growth factor-2, a

novel engineered growth factor

2.0 Summary

Dimerized fibroblast growth factor FGF2, dFGF2, is a protein consisting of two

monomers of FGF2, joined by a tripeptide linker, putting the monomers in optimal conformation

to interact with high-affinity FGF receptors and to promote a cellular response. This engineered

growth factor is stable in the active form and is less dependent than FGF2 on extracellular

heparan sulfate moieties for its maximal biological effects. In previous studies, we showed that

the intracisternal administration of FGF2 enhanced sensorimotor recovery in a model of focal

cerebral infarction (stroke) in rats. In the current study, we show that the intracistemal

administration of dFGF2 at one and three days after stroke also enhances sensorimotor and

vestibulomotor recovery following focal cerebral infarction in rats. dFGF2 represents a potential

treatment that enhances functional recovery after stroke and offers several advantages over

FGF2, including stability and independence from extracellular heparin sulfates.

2.1 Introduction

Previous preclinical studies have demonstrated the potential usefulness of FGF2 in

animal models of acute stroke and stroke recovery. If FGF2 is given intracerebroventricularly or

intravenously within four hours after the onset of permanent or temporary focal ischemia in rats,

infarct size is reduced, likely due, in part, to reduction of apoptotic cell death at the borders of

focal infarcts [15, 241, 398]. If, on the other hand, FGF2 is given intracisternally starting at one

day after permanent focal ischemia in rats, infarct size is not reduced, but recovery of

neurological function is enhanced [223-225]. Mechanisms of this recovery-promoting effect

likely include: (1) stimulation of new axonal sprouting and new synapse formation in
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undamaged regions of brain in both the ipsilateral and contralateral hemispheres [224, 225], and

(2) stimulation of proliferation, migration, and differentiation of progenitor cell populations in

brain [497]. Clinical trials of intravenous FGF2 initiated for acute stroke failed to show efficacy,

but suggest a potential benefit of FGF2 treatment in the subacute, recovery phase following

stroke [41].

In the process of FGF2 signaling, two FGF2 monomers come together to promote

dimerization of high-affinity FGF cell surface receptors, thus initiating the signal transduction

cascade [234, 250]. Covalent bonding of two FGF2 monomers with a tripeptide linker puts the

monomers in an optimal conformation tfor this process [250]. The resulting molecule, dFGF2 is

stable and more potent on a molar basis than monomeric FGF2 in several ill vitro and i vivo

assays, including endothelial cell proliferation and angiogenesis [250]. dFGF2 is also less

dependent than FGF2 on binding to extracellular heparin sulfate moieties to achieve a maximal

biological effect [250]. In the current study, we examined the effects of dFGF2 in promoting

neurological recovery in a model of focal cerebral ischemia in rats.

2.2 Results

Occlusion of the right proximal middle cerebral artery (MCA) produced infarction in the

dorsolateral cerebral cortex and underlying striatum, as described previously [223-225, 497]. At

30 days after MCA occlusion, total, cortical, or striatal infarct volume were not different between

vehicle- or dFGF2-treated animals (Table 2.1).

Treatment N Total (%) Cortex (%) Striatum (%)

Vehicle 10 30.07 + 2.53 39.43 ± 3.43 55.01 + 5.50

dFGF2 10 31.15 ± 3.39 41.81 + 4.66 47.31 + 5.73

Table 2.1. Measurements of infarct volume. There were no differences in infarct volume between vehicle-
and dFGF2-treated animals. Data are expressed as percent of intact hemispheric volume (all p values not
significant.).
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No hemorrhage, tumor formation, excessive inflammation, or other histological changes,

other than infarction, were seen in post-stroke brains. Body weight after surgery was not

different between vehicle- and dFGF2-treated animals (Figure 2.1).

T

- Vehicle

0---- dFGF2
I I

15 19

Figure 2.1. Body weight measurements. There was no difference in body weight after surgery between
vehicle- and dFGF2-treated animals (N = 10 vs. 10. all p values not significant).

Treatment with intracisternal dFGF2 produced marked enhancements of functional

recovery in three of four behavioral tests performed, namely the forelimb and hindlimb placing

tests and the body swing test (Figure 2.2). No enhancement of function was seen on the

spontaneous limb use (cylinder) test.

2.3 Discussion

In summary, we found that intracisternal dFGF2 enhanced recovery of sensorimotor and

vestibulomotor function following unilateral cerebral infarction in rats. These results were most

pronounced on forelimb and hindlimb placing tests and the body swing test and not evident on
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the spontaneous limb use test. These results parallel those that we have obtained using other

growth factors, in which we have found that limb placing and body swing tests appear to be more

sensitive to treatment effects than the spontaneous limb use test (unpublished data).
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Figure 2.2. Behavioral outcome ot'dFGF'2 treatment. Significant enhancement in behavioral recovers was seen
in dFGF2-treated (N = I10) vs. vehicle-treated animals (N = 10) in the: A) forelimb placing test (p < 0.002). B)
hindlimb placing test (p < 0.0001). and C) body swing test (p < 0.005). but not the D) spontaneous limb use
(cylinder) test (all p values not significant).
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In particular, current results obtained with intracisternal dFGF2 are similar to those

obtained in previous studies using equivalent doses and dosing schedules of FGF2 [223-225].

Possible mechanisms by which FGF2 may enhance neurological recovery after stroke include:

(1) enhancement of neural sprouting and new synapse formation in uninjured parts of brain, and

(2) stimulation of progenitor cell proliferation, migration, and differentiation in the post-stroke

brain. Indeed, in previous studies [224, 225], we showed that intracisternal FGF2 upregulates

the expression of a molecular marker of new axonal sprouting, GAP-43, in cerebral cortex

surrounding focal infarcts and in the contralateral homologous cortex. Moreover, inhibition of

GAP-43 upregulation by intracisternal co-administration of GAP-43 antisense oligonucleotide

with FGF2 blocks enhancement of sensorimotor recovery [225]. Intracisternal FGF2 also

promotes progenitor cell proliferation in the subventricular zone (SVZ) and dentate gyrus of the

hippocampus (DG) following focal infarction [497]. Some of these proliferating cells in the

SVZ subsequently acquire an immature neuronal phenotype and appear to migrate out of the

SVZ, whereas those in the DG remain in situ, acquiring a mature neuronal phenotype [497].

Changes in progenitor cell proliferation, migration, and differentiation following FGF2 treatment

after stroke may contribute to enhancement of functional recovery [497]. Because dFGF2

represents a dimeric form of FGF2 that is optimized for binding to high-affinity FGF2 receptors,

the mechanisms of action of dFGF2 in promoting recovery after stroke are likely to be the same

as FGF2.

Both intracisternal FGF2 and dFGF2 may prove useful as treatments to enhance

neurological recovery after stroke. Indeed, dFGF2 may prove superior to FGF2 in several

respects. First, dFGF2 is a stable molecule in its active form, as opposed to FGF2, which must

interact with a second monomer in an appropriate manner to exert its biological effects. Second,

dFGF2 is not dependent on extracellular concentrations of heparin/heparan-like

glycosaminoglycans for its effects [250]. Third, dFGF2 may prove to be a more potent molecule

than FGF2. Indeed, dFGF2 is more potent than FGF2 in in vitro assays of smooth muscle cell

proliferation and endothelial cell survival, as well as in in vivo assays of angiogenesis [250].

Although the effect of intracisternal dFGF2 in promoting neurological recovery in a rat model of

stroke was similar to that previously-reported for equivalent doses of FGF2, this does not

exclude the possibility that dFGF2 is more potent at other doses. Further studies are required to

resolve this issue.
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2.4 Significance

The results of this study demonstrate that dFGF2, a dimeric form of FGF2, shows

promise as a potential treatment to enhance neurological recovery following stroke. Further

study of dFGF2 is warranted to explore its full therapeutic potential.

2.5 Experimental Procedures

Construction of dFGF2. dFGF2 was cloned and purified as previously described [250].

Briefly, a template of wild-type FGF2 was used and modified by incorporation of DNA

sequences corresponding to a his tag, a T7 tag, a tripeptide linker, and a thrombin cleavage site

through PCR. Introduction of the restriction sites NdeI, Sacl, and Spel to the 5' and 3' of two

FGF2 genes enabled controlled subcloning of two differentially modified FGF2 genes into the

pETl4b variant expression vector (gift of Dr. David Ornitz, Washington University, Saint Louis,

MO). The vector was transfected into the E. Coli strain BL21, enabling expression of the

protein. The protein was then purified by Ni-' chromatography [106, 358-1, and subsequent T7-

affinity chromatography, as described by the manufacturer (Novagen. Madison, WI). The

concentration of the expressed and purified protein was determined by enzyme-linked

immunosorbitant assay. dFGF2 was stored in PBS containing imidazole (1.2 mM) and Tris HCI

(48 M), pH 7.4., at -85C until use. After production, and again before use, the activity of dFGF2

was validated using a BaF3 proliferation assay as described [30, 358] with slight modification.

Briefly, BaF3 cells previously transfected with FGFRlc were plated and treated with PBS, 50

ng/ml dFGF2 alone. 50 ng/ml FGF2, or 50 ng/ml FGF2 supplemented with 500 ng/ml heparin.

Cell proliferation was determined after three days by whole cell count. dFGF2 was considered

active if the proliferative capacity of dFGF2 was the same as FGF2 with heparin, and

significantly greater than FGF2 alone.

MCA occlusion. Proximal MCA occlusion was employed to induce focal infarcts of the right

dorsolateral cerebral cortex and underlying striatum [223-225, 497]. Male Sprague-Dawley rats
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(Charles River Breeding Laboratories), 300-350 g, were handled daily for one week before

surgery. One day prior to surgery, animals were injected intraperitoneally with 40 mg/kg

cefazolin sodium. Rats were anesthetized with 2% isoflurane in a nitrous oxide/oxygen mixture

(2:1). Core body temperature was thermostatically maintained at 370C during the procedure.

The proximal right MCA was electrocoagulated from just proximal to the olfactory tract to the

inferior cerebral vein, and subsequently transected. The surgery was performed sparing the

facial nerve and without removing the zygomatic arch. Following surgery, animals were again

injected intraperitoneally with 40 mg/kg cefazolin sodium and were placed into individual cages.

All rats were weighed the day prior to surgery and on days of behavioral assessment thereafter.

dFGF2 administration. Recombinant dFGF2 was diluted to a concentration of 10 plg/ml in PBS

supplemented with 100 ig/ml BSA (Boehringer Mannheim, Cat. #711454 ). The vehicle

solution contained the same constituents without dFGF2. Prior to intracisternal injections, rats

were re-anesthetized with 2% isoflurane in nitrous oxide/oxygen (2:1) and placed into a

stereotaxic frame. Rats received either 50 LI of dFGF2 in vehicle (0.5 uLg) or vehicle alone by

percutaneous injection into the cisterna magna, as described previously [224, 225, 497].

Intracisternal injections of dFGF2 or vehicle were administered at 24 and 72 hours after MCA

occlusion (total dose of dFGF2 administered = 1 g).

Behavioral testing. Rats were examined for behavioral function by employing standardized tests

to assess sensorimotor function in the limbs as well as vestibulomotor function. Limb placing

tests and body swing tests were performed one day prior to surgery, one day after surgery but

prior to injection, day 3, and then every fourth day through day 19 after intracisternal treatment.

Limb placing tests were performed as described previously [224, 225]. The forelimb placing test

determined sensorimotor function in response to whisker tactile, visual, tactile, and

proprioceptive stimuli with scoring between 0 and 12, where 12 indicates maximal impairment.

Hindlimb placing tests measured sensorimotor function of the hindlimb in response to tactile and

proprioceptive stimuli, and scored between 0 and 6, where 6 represents maximal impairment.

The body swing test provides a measure of vestibulomotor function. Function was measured as a

percentage of the number of body swings towards the side ipsilateral to the MCA occlusion,

where 50% is normal, and 0% is maximal impairment. Sensorimotor function of the forelimbs
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was additionally tested by the cylinder (spontaneous limb use) test [208, 224]. In this test,

animals are videotaped as they rear LIup in a narrow glass cylinder. The number of spontaneous

movements made by each forelimb to initiate rearing, to land on or to move laterally along the

wall of the cylinder, or to land on the floor after rearing are counted, and expressed as an

asymmetry score [((total contralateral forelimb use - total ipsilateral forelimb use)/total forelimb

use) X 100]. Normally, there is no asymmetry between sides on the test. but, after stroke, the

affected (contralateral) side is used less (asymmetry score is > 0). This test was done on the day

before and weekly after stroke.

Infilrct volume determination. After the completion of behavioral testing, animals were

euthanized by deep anesthesia with chloral hydrate and transcardially perfused with 10%

formalin in saline. The brains were subsequently removed, fixed in formalin, dehydrated, and

embedded in paraffin. A microtome was used to cut 5 lrm coronal sections, which were mounted

onto glass slides and stained with hematoxylin/eosin (H&E). Six slices (+4.7, +2.7, +0.7, -1.3, -

3.3, -5.3 mm compared with bregma) were used to determine the area of cerebral infarcts via a

computer-interfaced imaging system (Bioquant, Nashville, TN). through the "indirect method"

(intact contralateral hemishpheric area - intact ipsilateral hemisphere area), to correct for brain

shrinkage during preparation and processing [458]. Infarct volume was calculated as the sum of

infarct areas per brain multiplied by slice thickness and expressed as a percentage of the intact

contralateral hemispheric volume. Infarct volumes in the cortex and striatum were also

separately determined using the same method. H&E staining also allowed for the examination of

gross histological changes.

Data analysis. Experimenters performing the behavioral assessments and infarct volume

determinations were blinded to treatment assignment. Behavioral and weight data were analyzed

by repeated measures two-factor ANOVAs (treatment by time), and infarct volume data were

analyzed by twc.-tailed t-tests.
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Chapter 3. Heparan sulfate glycosaminoglycans derived

from endothelial cells and smooth muscle cells differentially

modulate fibroblast growth factor-2 biological activity

through fibroblast growth factor receptor-i

This report was previous published in Biochemical Journal in 2003. See reference 1311 for details. All figures in
this chapter were adapted from the original publication.

3.0 Summary

FGF signaling is involved in a wide range of important biological activities with

differential effects in various cell types. The activity of FGF is modulated by HSGAGs, found

both in the extracellular matrix and on the cell surface. HSGAGs affect FGF signaling by

interacting with both the growth factor and the FGFR. In this study we sought to investigate

whether HSGAGs at the cell surface of bovine aortic endothelial cells (BAEC) and SMCs can

differentially modulate FGF signlling in these cell types and modulate their differential response

to FGF. We find that SMC and BAEC express the same FGFR isoforms and bind FGF2 with

equal affinity at the cell surface, yet FGF has a markedly higher proliferative effect on SMC than

on BAEC. Isolated HSGAGs from these two cell types were found to elicit distinct patterns of

proliferation in chlorate-treated cells. Furthermore, examination of focal sequences reveals that

HSGAGs from SMC, but not those from BAEC, retain the sulfation pattern necessary to induce

FGF2 activity. As such, the differences in FGF2-mediated proliferation can be explained by the

distinct cell surface HSGAGs of the two cell types. We conclude that the focal sequences of cell

surface HSGAGs from SMC and BAEC govern, at least in part, the differential activity of FGF2

on these two cell types.
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3.1 Introduction

SMC and endothelial cells (EC) have been implicated in the pathophysiology of many

disease states, including atherosclerosis. Key events in the induction of atherosclerosis include

migration of SMC to the intima and subsequent proliferation [409]. Basic fibroblast growth

factor (FGF2) is one of a spectrum of potent stimulatory molecules that act on SMC. FGF2 is

typically stored extracellularly, bound to HSGAGs. HSGAGs, the polymeric carbohydrate

moiety of proteoglycans, are ubiquitous in the ECM and on the cell surface [77]. HSGAGs in

the ECM store FGF2 and prevent its degradation by proteolytic enzymes [414]. Alterations to

the vascular endothelium are thought to induce the onset of pathological states such as

atherosclerosis [149] through the release of mitogenic molecules, such as FGF2, from their ECM

storage sites. Once released from the ECM, FGF2 is incorporated into a ternary complex by

binding to its high affinity protein kinase receptor and low affinity HSGAGs found on membrane

associated HSPFGs. Formation of a proper complex leads to activation of intracellular signaling

pathways [511]. In this manner, HSGAGs, depending on their location and sequence context,

can serve to either store FGF in an inactive form or promote FGF signaling through protein

tyrosine kinase cell surface receptors.

All HSGAGs are characterized by repeating disaccharide building blocks, each of which

consists of an uronic acid linked 1-4 to a glucosamine. These carbohydrate polymers are

structurally and chemically diverse, varying both in terms of the number of disaccharide units as

well as in the sulfation pattern present on each disaccharide. The glucosamine subcomponent of

the disaccharide can be sulfated at the N, 3-0, and 6-0 positions. Additionally, the uronic acid

exists as one of two isomers (ct-L-iduronic or -D-gluculronic acid). The 2-0 position of the

uronic acid can also be either sulfated or unsulfated. These five potential binary modifications

lead to an extraordinary level of sequence diversity in the nascent chain that together define the

interactions between HSGAGs and various growth factors, morphogens, and cytokines,

including FGF2 [370]. As a result, HSGAG patterns and sequences have been implicated as

important modulators in a wide range of normal and pathological biological processes [167,

268]. Furthermore, HSGAG sequences expressed on the surface of cells and in the ECM are not

static, but are rather dynamic, enabling a carefully controlled regulation of mitogenic signaling

pathways [370].
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Recent studies have elucidated some of the roles for HSGAGs in modulating FGF2-

induced SMC and BAEC proliferation. Addition of exogenous highly sulfated HSGAGs, such

heparin [292], as well as lower sulfated HSGAGs derived from BAEC [101, 134, 170], such as

perlecan, the major HSPG secreted by EC, have been found to inhibit FGF2-mediated

proliferation of SMC [333]. The latter effect can be systematically mitigated via treatment of the

conditioned media with specific HSGAG degrading enzymes [170, 332]. Furthermore, HSGAGs

at the SMC surface can serve dual functions, either inducing or inhibiting proliferation,

depending on the biological context [115]. Exogenous heparin has also been reported to inhibit

FGF2-mediated proliferation of EC [150]. Additionally, inhibition of HSGAG synthesis in

BAEC abrogates the ability of FGF2 to induce a mitogenic response in this cell type [136].

Therefore, cell surface HSGAGs play an important role in regulating the responses of SMC and

BAEC to FGF2 as well as mediating the interaction between the two cell types.

Previous work from our laboratory has demonstrated that SMC-derived HSGAGs

modulate FGF2-HSGAG interactions through specific FGFR isoforms in a sequence dependent

manner [30]. This study serves to extend these findings by determining how specific HSGAG

structures on the cell surface of SMC, as opposed to those found on EC, influence FGF-induced

proliferation. We find, consistent with previous findings, that SMC-derived HSGAGs promote

FGF-induced proliferation to a greater extent than EC-derived HSGAGs. Furthermore, we find

that these activities are dependent on specific HSGAG structural motifs. Furthermore, we find

that these two cell types possess HSGAG structural differences that are substantially more

pronounced within specific sequence contexts than in global composition. Furthermore, the

ability of specific HSGAG fragments to support FGF2 signaling was found to be dependant on

specific structural motifs released upon enzymatic treatment. These findings provide insight into

the ability for HSGAG to greatly influence cell function through regulation of the activity of

HSGAG-binding growth factors like FGF2. Finally, these experiments demonstrate that

HSGAGs derived from distinct cell types, even those physiologically adjacent in vivo, elicit

distinct proliferative responses.
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3.2 Results

3.2.1 FGF2 induces a significant mitogenic response in both SMC and BAEC.

Previous studies have identified that FGF2 is a potent mitogen for both SMC and EC.

To confirm this observation and provide a basis for additional studies., we determined the

proliferative effect of FGF2 on SMC and BAEC. Each cell type was incubated with 5 ng/mL of

FGF2. and the extent of tritium incorporation over 3 hr was measured. Consistent w ith previous

reports [332, 507], FGF2 promoted a significant mitogenic response in both SMC and BAEC

(Table 3.1). While the background tritium incorporation for BAEC cells is higher, the relative

increase in 3H counts upon FGF2 stimulation is much greater (roughly six times) for SMC than

for BAEC. Dose response studies, varying by tenfold the amount of exogenous FGF2 added to

the culture, demonstrate that approximately the same amount of FGF2 is required to induce a

maximal proliferative response in SMC and BAEC. Thus, in terms of an FGF-inducible

proliferative response, SMC appear more responsive to FGF2 stimulation than do BAEC as

determined by tritium incorporation.

SMC BAEC
- FGF 2780 14,000
+ FGF (5 ng/mL) 11,400 (310) 20,700 (48)
+ FGF (50 ng/mL) 12.400 (350) 21,100 (51)

Table 3.1. 3H-incorporation into SMIC and BAEC. SMC or BAEC kkere treated with 0-50 ng/ml FGF2. and
proliferation was determined by thymidine incorporation. The effect of the various treatments was measured in
counts per minute (c.p.m.). The percent increase is shown in parentheses.

The above results were extended to include an analysis of intracellular signaling

pathways induced by FGF2 stimulation of either SMC or BAEC. Both cell types were treated

for 20 minutes with either FGF2 or PBS. and after treatment activation of intracellular signaling

pathways was assessed by Western blot. As shown in Figure 3.1, phospho Erkl and Erk2,

known markers of proliferation [267], were upregulated in both SMC and BAEC, but the effect

was more pronounced in SMC, consistent with the more dramatic effect of FGF2 on SMC

proliferation. Examination of other signaling pathways revealed a similar finding. Taken
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together, these results demonstrate that the administration of FGF2 induces a downstream

activation of intracellular signaling pathways to an extent consistent with the observed

proliferative response (i.e., tritium incorporation). These results point to the fact that while SMC

respond more readily to exogenous FGF2 administration than do BAEC, the difference is in the

extent of activation, rather than the kind of activation.

SMC BAEC

-FGF +FGF -FGF +FGF

Elk 1. 2

Plhospho-skE 1 2

Figure 3.1. Western blot of SNIC and BAEC after FGF2 stimulation. SMC and BAEC were treated with 5
ng/ml FGF2 or an equivalent volume of PBS tfor 10 min. after which the cells were lysed. and a Western blot
was performed utilizing antibodies specific to Erkl and Erk2, known markers of proliferation.

There are several possible explanations for this observed difference in the proliferative

response of SMC vs. BAEC. One possible explanation is that SMC and BAEC express distinct

patterns of FGFR isoforms on their cell surface, and accordingly, the distinct receptor isoform

repertoire modulates the extent of signaling induced by FGF2. Previous studies have identified

that several FGFR isoforms, including FGFR Ic, FGFR3c, and FGFR4, efficiently mediate FGF2

binding to the cell surface and activation of intracellular signaling pathways leading to cell

proliferation [351]. To test whether SMC and BAEC express different FGFRs, Reverse

transcriptase (RT)-PCR was performed on both SMC and BAEC to determine their receptor

expression profile. Both cell types were tested with specific probes to FGFRlc, FGFR2b,

FGFR2c, and FGFR3c. Since existing evidence indicates that FGFR4 is primarily present at

sites other than the cell surface [74], it was not included in this study. As seen in Figure 3.2,

both SMC and BAEC primarily express FGFRIc, with very little, if any, evidence of expression

of other receptor isoforms. Therefore, it seems unlikely that the observed differences in

Page 42

A



mitogenic response observed upon FGF2 stimulation of SMC and BAEC can be attributed to

differences in isoforms of FGFR that are expressed at the cell surface of the two cell types.

FGFR

A 1C 2B 2C 3C

SMC ,

BAE [L .
Figure 3.2. RT-PCR of FGFRs expressed by SMC and BAEC. RT-PCR was performed using primers
specific to four FG(iFR isoforms to determine the expression pattern of F(GFRs by SMC and BAEC. Expression
lcevels cere controlled for total cell protein based on RK'-PCR of 3-actin. A. actin: IC'. 213. 2C and 3C' refer to the
various I:GFR isoforms.

While the expression of FGFR isoforms is the same between SMC and BAEC, it is

possible that SMC and EC express different quantities of FGFR1c on their respective cell

surfaces. However, the signal intensity derived from RT-PCR of FGFRlc is similar in EC and

SMC, especially when referenced to an actin control. To address this issue further and confirm

this conclusion, FGF2 binding to low- and high-affinity receptors on SMC and BAEC was

determined using a 'I-FGF2 binding assay. We find that FGF2 binding to both high- and low-

affinity receptors is similar for both SMC and BAEC (Figure 3.3). Given that these cells

primarily express only one receptor isoform, the similarity in binding affinity suggests that both

cell types display a similar quantity of receptors on their surface. Taken together, these results

point to the fact that the difference in the proliferative response between SMC and EC does not

seem to be primarily related to differential FGFR expression. As such, we sought to determine

whether differences in cell surface HSGAGs. important for formation of an active signaling

complex. could account for the marked differences in FGF-mediated signaling between SMC

and BAEC.

Page 43



A IAnn^^ 
Iro -U

14000 -

12000

10000 

0. 8000 -
C)

6000 -

4000-

2000

n In n
HA. 0hr LAO 0hr HA, 5hr LA, 5hr

Figure 3.3. FGF2 binding to SMC-and BAEC-expressed FGFR. SMC (black bars) and BAEC (grey bars)
were incubated with 2 ng 1251-FGF2 for 2 h at 4°C. Bound 1251-FGF2 was released from separately from low
affinity (LA) receptors and high affinity (HA) receptors. The amount of ligand bound was determined at 0 h and
5 h after incubation with 1251-FGF2. CPM. counts per minute.

3.2.2. Cell surface HSGAG can be efficiently harvested

HSGAGs were harvested from SMC and BAEC by two methods. The first method

employed trypsin digestion of the cell surface to cleave the proteoglycan core of membrane-

bound HSGAGs, liberating intact HSGAG chains coupled to parts of the proteoglycan protein

core. After boiling to inactivate the trypsin and other potential contaminating proteins, the

suspensions were concentrated using a 3,000 Da molecular weight cut-off filter. The solutions

were then purified by anion-exchange chromatography and reconcentrated. Yields were

determined by Alcian blue and carbazole assays as described in the Experimental section. Given

the nature of this isolation procedure, other polysaccharides, such as chondroitin sulfate and

dermatan sulfate, could be isolated, especially considering that perlecan, found prominently on

vascular basement membranes, contains both heparan sulfate as well as chondroitin sulfate [195].

In order to confirm and extend our results using trypsin-derived material, a second harvesting
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method was employed wherein SMC and BAEC were treated with heparinase I, II, or III (hepl,

II, 111) or PBS. Since hepl-ll have unique substrate specificity and are anticipated to release

structurally distinct HSGAG fragments, this methodology also provides some information about

the influence of HSGAG fine structure on FGF-mediated proliferation of BAEC and SMC. With

each enzyme application, treatment times were set to liberate an identical amount of HSGAGs

from each cell type. Cell-free HSGAG solutions were collected and boiled to eliminate residual

enzyme activity as well as the activity of any proteins potentially secreted during enzymatic

treatment. Subsequently, the solutions were filtered through 0.45 tm syringe filters. The

method employed preferentially releases HSGAGs over other glycosaminoglycan

polysaccharides because the activity of heparinases (heps) are specific to this type of

glycosaminoglcyan [104]. Solutions containing hep-derived HSGAG fragments were purified

and concentrated by anion-exchange chromatography followed by dialysis in a similar manner to

trypsin-derived HSGAG material.

To confirm the absence of contaminating activities in the various HSGAG preps that

might compromise further analysis, all material was tested for its mitogenic potential in the

absence of exogenous ligand using a BaF3 cell line. Based on previous observations [30], we

anticipated that HSGAG material of sufficient purity would not induce a significant proliferative

(or inhibitory) response. BaF3 cells transfected with FGFRlc were washed three times in media

lacking IL-3 and plated at a density of I x 10' cells/mi. Cells were then treated with either

porcine mucosa heparin or cell-derived HSGAGs at a final concentration of 500 ng/ml. After

incubating for 72 hours, proliferation was measured by whole cell counts as determined by an

electronic cell counter. We find that none of the cell surface HSGAG fractions significantly

induced a proliferative or inhibitory response (data not shown). These findings suggest that the

cell-derived HSGAG fractions do not produce a proliferative response in the absence of

exogenous ligand, and are therefore sufficiently free of contaminating activities that would

potentially complicate analysis.

3.2.3 SMC proteoglycans promote FGF-induced signaling

To further test whether observed differences in FGF-mediated cellular proliferation

between SMC and BAEC could be due, at least in part, to differences in their respective HSGAG

composition [63], the effect of trypsin-harvested SMC and BAEC HSGAG on cell mitogenesis
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was examined. In this case, recipient SMC or BAEC werefirst treated with chlorate to suppress

endogenous HSGAG production. Then, exogenous FGF2, in combination with either SMC or

BAEC-derived HSGAGs, was added to chlorate-treated cells. In a prior experiment, SMC and

BAEC were treated with varying amounts of chlorate to determine the chlorate level that was

effective at abrogating HSGAG production without being cytotoxic. We find that cellular

responses to the addition of exogenous FGF2, as well as sulfation of HSGAGs at the cell surface,

were maximally reduced in media supplemented with 50 mM sodium chlorate. Furthermore,

both SMC and BAEC that were chlorate treated possessed a similar cell morphology to untreated

controls and maintained a parallel proliferative capacity in the absence of exogenously-added

ligand. Together, these results suggest that 50 mM chlorate has very few, if any, nonspecific

cytotoxic effects on the cells. Notably, however, in both cell types tritium incorporation upon

addition of 5 ng/ml FGF2 was dramatically suppressed such that it was statistically

indistinguishable from negative controls, indicating the effective suppression of functional

HSGAGs on the cell surface.

Having confirmed that chlorate-treated SMC and BAEC lack fully sulfated (and

functional) HSGAGs at their cell surface, we examined the effect of the addition of trypsin-

derived SMC or BAEC HSGAGs on FGF-induced proliferation. To test this, chlorate-treated

SMC and BAEC were supplemented with FGF2 as well as with isolated HSGAGs from either

SMC or BAEC. We find that when chlorate treated SMC cells were treated with HSGAGs

derived from SMC in addition to FGF2, a significant increase in tritium incorporation was

observed above the negative control (Figure 3.4). In fact, the observed increase rivaled the

response observed when FGF and exogenous heparin were added to chlorate-treated SMC.

Conversely, when chlorate-treated BAEC cells were treated with exogenous BAEC HSGAGs

and FGF2, no significant tritium incorporation was observed beyond the negative control.

Importantly, SMC HSGAGs added to chlorate treated BAEC yielded a response that was

significantly above the negative control, indicating that SMC proteoglycans can support FGF2-

induced proliferation even when added to BAEC. Together. these results suggest that HSGAG

proteoglycans from the cell surface of SMC cells facilitate FGF2-mediated signaling to a greater

extent than BAEC-derived HSGAGs. We examined whether the observed functional differences

could be correlated with differences in HSGAG fine structure.
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Figure 3.4. Effect of cell-derived HSGAG on FCF2-mediated SIMC and BAEC NMitogenicity. SIMC and
BAEC -vere incubated with 50 mM sodium chlorate to inhibit endogenous ISGAG production. Cells were
supplemented xk ith (from left to right) PBS. 5 ng/ml FGF2 and 500 ng/ml heparin. 5 ng/ml FGF2 and 500 ng/ml
SMlC-derived HSGAG. or 5 ng/ml FGF2 and 500 ng/ml BAEC-derived HSGAG. The mitogenic response was
determined by 3 11-thvmidine incorporation. CPM. counts per minute.

3.2.4 Determination of HSGAG proteoglycan fine structure that promotes

FGF2 signaling

The composition of the HSGAG component of the cell surface HSGAGs from SMC and

BAEC was assessed using enzymatic treatment and capillary electrophoresis according to a

previously defined methodology [227]. We find that the cell surface HSGAGs of SMC and

BAEC, isolated by trypsin treatment, while similar in structure, display subtle differences in the

relative amounts of disaccharide building blocks (Figure 3.5). For example, though the

HSGAGs of BAEC and SMC both contain the trisulfated disaccharide AU2SHNS 6 s, it is present

in higher amounts in SMC HSGAGs. Similar trends are observed for several of the other

disaccharide constituents, viz., AUHNs,6s and AUHNAC.6S Taken together, these results suggest

that functional differences in SMC vs. BAEC HSGAGs can, at least partially, stem from the fine

structure of the HSGAGs at their respective cell surface.
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Figure 3.5. Compositional analysis of SMC (upper) and BAEC (lower) as determined by exhaustive
digestion of the sample with a heparinase cocktail and separation of the resulting disaccharides by
capillary electrophoresis. The observed disaccharides were identified by co-migration with known standards:

(1) AUSHNS6s: (2) AU2SHNs: (3) AUJHNS 6S: (4) AJHNs: (5) AUHNACbS-

To extend the above findings to include an examination of the fine structure of HSGAGs

at the cell surface of BAEC and SMC, we determined whether fragments of specific structure,

released from the cell surface, would promote or inhibit FGF2-induced proliferation. To this end

we utilized the heps from Flavobacterium heparinum, a family of three enzymes that

depolymerize HSGAGs with defined substrate specificities. Hepl cleaves highly-sulfated, or
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heparin-like. domains leaving intact undersulfated, or heparan-like, regions. Conversely, heplll

digests regions of low sulfation, and hepll cleaves both heparin- and heparan-like domains [104].

SMC treated with heplII prior to introduction of FGF, incorporated significantly more tritium

than those untreated with heplll prior to addition of FGF (data not shown). A similar effect was

not observed with hepl treatment, suggesting that the observed effect was due to the unique

substrate specificity, of hepIII. Indeed, compositional analysis of hepl-, hepII-, and heplII-

released fragments indicated that heplll-derived fragments were higher in -0 sulfation than

those derived from hepll and especially hepl (Table 3.2), consistent with the published substrate

specificity of the heps. Previous studies have implicated 2-0 sulfation in high affinity FGF

binding [477, 501]. Notably, SMC HSGAGs had a higher degree of 6-0 sulfation when isolated

by hepll or heplll treatment than those isolated via hepl treatment. This sulfate group has also

been associated with FGF2 activity through FGFR1 [280].

Disaccharide
AU2HNS.6S

AUrS-INS

AUHNStS

AU2SHNAc.6,

AUHNs

AU2sHNcIN

AUHNAc.6S

AUHNAc

SMOOTH MUSCLE CELLS

Hepl Hepll HepIll
5 4 16

22 24 30
6 8 8

0 0 0

31 18 20

8 12 7

28 34 19

ENDOTHELIAL CELLS
Hepl HeplI Heplll

2 3 8

22 34 33

6 3 5

0 o 0

33 29 30
0 0 0

6 4 2

31 27 22

Table 3.2. Compositional analysis of HSGAG fragments from SMIC or BAEC after heparinase 1, II or III
treatment. T1he composition of the various pools xxas determined b capillary clcctrophoresis after full
digestion b heparinase . II and Ill (hepl. I and Ill respectively).

Further confirmation that cell surface HSGAGs from SMC and BAEC are distinct arises

from the fact that hepIII treatment of BAEC cannot recapitulate the effect observed with SMC

HSGAGs, vi.., the promotion of tritium incorporation by hepll treatment of cell surface

HSGAG. Compositional analysis of BAEC HSGAG fragments released after hepl, 11, or IIl

treatment, wherein differential cleavage of HSGAGs enables the examination of the fine
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structure of the building block sequences, confirmed that these fragments are structurally distinct

from SMC-derived HSGAG oligosaccharides (Table 3.2).

3.2.5 BaF3 cells provide an appropriate model to analyze the effect of cell

derived HSGAG on FGF2-mediated mitogenic activity via different

FGFR.

The ability of hep treatment to markedly influence cell proliferation differently in SMC

and BAEC suggested that the fine structure of the cell surface HSGAGs may influence FGF2-

mediated responses. To examine this possibility we employed a simplified system to more

accurately assess the ability of subsets of the HSGAG pool to induce an FGF2 response. To this

end, activity was tested with proliferation assays using BaF3 cells engineered to express FGFRIc

[351]. The use of BaF3 cells enabled the introduction of a simple, clean, and biologically

relevant system, as these cells lack cell surface HSGAGs and express only the transfected FGFR.

The proliferative potential of these cells was characterized by culturing them in the presence or

absence of FGF2, with or without HSGAGs. In this case, porcine intestinal mucosa heparin was

used as a positive control [358].

The biological activity of the cell derived HSGAGs was measured by whole-cell

proliferation over a three-day period when transfected BaF3 cells were cultured with cell surface

HSGAGs and FGF2. The cell counts were converted to a proliferation index (PI). All values are

expressed as PI, where a value of indicates the "maximal" proliferative response, as induced by

FGF2 and heparin, and a PI of 0 indicates a negligible response, equivalent to that of untreated

cells. The formula for the PI has been previously described [358]. The reference point of PI = 

was from BaF3 cells stimulated with 50 ng/ml FGF2 and 500 ng/ml heparin. This reference

point allows for the proliferative response to be standardized, enabling comparisons between

HSGAG preparations.

SMC HSGAG fragments derived by treatment with either hepll or hepll consistently

elicited a significantly higher P1 than the PBS control in BaF3 transfected with FGFRlc in the

presence of FGF2 (Figure 3.6). The proliferative response induced by these fragments was

similar to that of exogenous heparin. HepI-derived HSGAG fragments, however, did not yield a

response greater than that of the PBS control. Conversely, BAEC HSGAGs derived by hepIll

treatment (as well as HSGAGs obtained from hepl treatment) did not elicit a response
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significantly greater than that of the PBS control, confirming our findings that highly sulfated

HSGAGs from the cell surface of SMC were most efficient at promoting FGF2-induced cellular

proliferation. The reproducibility of this in vitro data suggests that similar HSGAG fractions are

obtained with different isolations.

1.4

1.2

K0
C
C
0

O

1.0

0.8

0.6

0.4

0.2

0.0
Hep I Hep ii Hap III PBS

Figure 3.6. FGF2-mediated proliferation of BaF3 cells expressing FGFRlc. ransbctced. BaF3 cells cre
incubated in the presence of 50 ng/ml FGF-2 and cell derived HSGAG fragments from SIC (black bars) or
BAEC (grey bars). Fragments were isolated by treatment with 10 mlM H-epl, lepll or liepill. or an equivalent
volume of PBS. Proliferation is represented by P. as described in the Experimental Proceedures section. *
denotes P 0- (.)i.

3.3 Discussion

The HSGAGs in the ECM and at the cell surface have been shown to act as co-receptors

in FGF signaling by binding to both FGF and FGFR [112. 214, 350] and forming a ternary

complex at the cell surface. Through the use of cells deficient in aspects of HSGAG

biosynthesis, it has been demonstrated that growth factors, including FGF2, depend on cell

surface HSGAGs for their mitogenic activity [197, 395, 511]. Furthermore, HSGAGs serving

the co-receptor function have been suggested to influence the strength and type of cellular

response induced by FGF. The ability of the HSGAG co-receptor to mediate FGF binding and
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sctivity is dependent on both the location and composition of the HSGAG in question. Not only

do cell surface and soluble, ECM-derived HSGAGs appear to function differently [115], but

studies have demonstrated that subtle modifications in HSGAG structure can alter their ability to

induce a cellular response [336, 388]. Therefore, alterations in composition and sequence within

a given HSGAG subset (ECM as opposed to cell surface), may alter the capacity of the HSGAG

to alter function as appropriate to its location.

Using a variety of cell types as well as in vitro binding assays, previous studies have

addressed the structural requirements for HSGAG binding to FGF2. In general, these studies

have found that HSGAG-FGF2 interactions are thought to be determined by the N- and 2-0-

sulfate content of the saccharide chain [477, 501]. In addition, others have indicated that

activation of FGFRI by FGF2 can be prevented by selective elimination of 6-0 sulfate groups

[280]. These studies have determined the structural requirements for high affinity FGF binding

and provided some context to fragments that promote FGF activity. However, many of these

studies utilized fully sulfated heparin as a surrogate for cell surface heparan sulfate, or they

added exogenous heparan sulfate to cells that already expressed a repertoire of HSGAGs at their

cell surface, thus failing to address FGF activity within the context of these cell surface

HSGAGs. Significantly, the membrane association of HSPGs has been suggested to determine

the capacity of a given HSGAG to promote an FGF2 response [526]. The previously reported

inhibitory effects of FGF2 are associated with soluble HSPGs, including constitutively shed

syndecans and glypicans [129, 299], while HSPGs that promote the response, even with the same

protein core, are typically cell surface in nature [42, 75]. As such, these studies provided an

important foundation for additional work that probes fine structure of HSGAGs at the cell

surface. In this study, we sought to extend previous results by directly probing whether HSGAG

fine structure at the cell surface modulates FGF-mediated cell proliferation and whether the

structural rules developed using exogenous heparin fragments are consistent with reference to

HSGAGs at the cell surface.

Thus, there are three major findings of this paper. First, we find that HSGAGs at the

surface of SMC and BAEC are one of the primary regulators of FGF-mediated signaling and, as

such, they regulate the "output" of FGF binding to its cell surface receptor. Second, we find that

this differential regulation is due to differences in the fine structure of HSGAGs. We find that

the global composition of BAEC and SMC is fairly similar, yet we show here that HSGAGs
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isolated from each have a profoundly different effect on FGF-mediated proliferation. Using the

heps, we map the fine structure of both and confirm the suggestion that it is not simply

composition but structural elements that dictate HSGAGs' ability to promote FGF signaling.

Finally, this study represents a confirmation and extension of several previous findings that a

HSGAG fragment's ability to mediate FGF binding and activity is correlated with 2-0 and, to a

lesser extent. 6-0 sulfation of the polysaccharide chain. Given that structural studies have shown

that promitogenic sequences of HSGAGs bind to both FGF2 and FGFRI at distinct sites on the

carbohydrate chain, the possibility existed that HSGAGs with similar or even identical

compositions can, through the presence or absence of distinct sequences, have different

capacities to induce a cellular response. Using SMC and BAEC, we confirm that this is possible

in that the global composition of the HSGAGs of these cell types is similar, yet. due to

differences in fine structure, possess a markedly different ability to promote FGF-induced

proliferation.

In the context of the structural formation of a ternary complex, the differential effect

exhibited between the cell types, given the gross similarities in HSGAG composition but

differences in fine structure, suggests that the sequence of BAEC HSGAGs is one in which

disaccharides with sulfate groups necessary for ligand binding and those required for receptor

activation are sufficiently far apart to prevent activation while enabling binding. These results,

therefore, imply that either ligand-receptor interactions are highly sensitive to specific

compositional patterns, or specific HSGAG sequences are required to optimally bind FGF2

and/or induce a response through FGFRIc [355], supporting the notion that a proper spatial

display of sulfated groups promotes optimal ligand-receptor interactions [30].

As shown in this study, the ability of bovine aortic SMC and BAEC to respond

differently to I::GF2, as mediated by their cell surface HSGAGs, has potential implications in

pathological settings. In the normal aorta, EC and SMC share the same physiological

microenvironment. Extrapolating the results of this study suggest that theoretically, in a setting

conducive to hyperplasia, the enhanced response to FGF2 imparted by SMC HSGAGs as

opposed to those from BAEC, suggests that SMC would undergo proliferation much more

readily. Under normal conditions, EC HSPGs are necessary for the inhibition of SMC [110].

Importantly, this supports the notion that the differential response of SMC and EC in ilvo could

be a function of their distinct HSGAG compositions. Given the capacity for variable HSGAG
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compositions to affect both FGF2/FGFR1 binding and therefore, the ability of FGF2 to induce a

biological response, a further understanding of the specific nature of HSGAG fragments defining

given levels of response will provide further insight into the nature of the induction of FGF2

signaling through the ternary complex, as well as the pathogenesis of proliferative vascular

disorders such as atherosclerosis.

3.4 Significance

HSGAGs are important regulators of FGF signaling. The interactions of HSGAGs with both the

FGF and the cell surface FGFR are important in defining the cellular response. N- and 2-0

sulfates are thought to mediate HSGAG-FGF2 interactions, while 6-0 sulfates are important for

HSGAG regulation of activity through FGFRI. Previous work demonstrated that cell surface

HSGAGs could be effectively harvested from SMCs by heparinase digestion, and that the

information content of these distinct HSGAGs could differentially regulate FGF2 activity

through various FGFRs. This report details a novel way to isolate a more complete HSGAG set

from cells by trypsin digestion and subsequent purification with anion-exchange

chromatography. When this technique was applied to SMCs and BAECs, HSGAGs with similar

disaccharide compositions were obtained. The two sets of HSGAGs, however, had distinct

abilities to support and regulate FGF2 activity. The fine structure of the HSGAGs, rather than

just the quantities of specific sulfate groups, is important in determining the regulatory capacity

of cell derived HSGAGs. This result explains the finding that SMCs are more responsive to

FGF2 than are BAECs, even though both cell types have the same FGFR expression profile and

the same concentration of receptors. Furthermore, this finding has implications regarding the

physiological responses of aortic SMCs with the loss of endothelial cells, as well as the basis for

SMC proliferation in restenosis.
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3.5 Experimental Procedures

Proteins and reagents. Recombinant human FGF2 was a gift from Scios, Inc. (Mountainview,

CA). Recombinant heparinases were expressed as previously described. [326]. Fetal bovine

serum (FBS) was from Hyclone (Logan, UT). L-glutamine, penicillin, and streptomycin were

obtained from GibcoBRL (Gaithersburg, MD). Mouse recombinant IL-3 was from R & D

Systems (Minneapolis, MN). DMEM, RPMI-1640, and phosphate buffered saline (PBS) were

from BioWhittaker (Walkerville, MD). 'H-thymidine and '1-Bolton-Hunter reagent were from

New England Nuclear (Boston, MA). Porcine intestinal mucosa heparin was purchased from

Celsus Laboratories (Columbus, Ohio). BaF3 cells transfected with FGFRlc were generously

provided by Dr. David Ornitz (Washington University, St. Louis, MO). BAEC were generously

provided by Dr. Elezar Edelman (MIT, Cambridge, MA).

Cell culture. Bovine aortic SMC were isolated from fresh calf aortas as previously described

[33 1]. SMC were maintained in DMEM supplemented with 10% FBS, 100 ig/ml penicillin, 100

U/ml streptomycin, and 500 pVg/ml L-glutamine. SMC were grown in 75 cm2 flasks at 370 C in a

5% CO, humidified incubator, and were passaged 2-3 times a week, when cells reached

confluence. SMC cultures were discarded after passage 8. BAEC were maintained in DMEM

(low glucose), supplemented with (100 units/ml), streptomycin (100 ig/ml), glutamine (2 mM),

and 10% FBS (HyClone), as described [333]. BAEC were employed so long as they retained a

cobblestone appearance at confluence [14] and elicited a robust response to FGF2.

BaF3 cells transfected with various FGFR isoforms were maintained as independent

suspension cultures in propagation media composed of RPMI-1640 supplemented with 10%

FBS, 100 pLg/ml penicillin, 100 U/ml streptomycin, 500 jg/ml L-glutamine, and 500 ng mouse

recombinant IL.-3. Cultures were grown in 75 cm' flasks at 37°C in a 5% CO, humidified

incubator, and were passaged 1:10 by dilution three times a week.

RT-PCR. 5 tg of total RNA was isolated from SMC as well as from BAEC using Trizol reagent

(Life Tech, Rockville, MD) followed by reverse transcription with random hexamers. Specific

oligomers were designed based on the published sequences of FGFRlc (accession number:
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X51803), FGFR2b (M97193), FGFR2c (X52832), and FGFR3c (M61881) in order to detect the

expression of specific FGFR isoforms. Sequences of primer pairs corresponding to distinct

FGFR isoforms were as follows: FGFRIc: 5'-TGG AGC TGG AAG TGC CTC CTC-3' and 5'-

GTG ATG GGA GAG TCC GAT AGA-3'; FGFR2b 5'-GTC AGC TGG GGT CGT TTC ATC-

3' and 5'-CTG GTT GGC CTG CCC TAT ATA-3'; FGFR2c: 5'-GTC AGC TGG GGT CGT

TTC ATC-3' and 5'-GTG AAA GGA TAT CCC AAT AGA-3' and FGFR3c: 5'-GTA GTC

CCG GCC TGC GTG CTA-3' and 5'-TCC TTG CAC AAT GTC ACC TTT-3'. To control for

total cell protein, RT-PCR was also performed on 3-actin using the primers 5'-GCC AGC TCA

CCA TGG ATG ATG ATA T-3' and 5'-GCT TGC TGA TCC ACA TCT GCT GGA A-3'.

PCR was performed using the Advantage-GC cDNA kit from Clontech as per manufacturer's

instructions (Palo Alto, CA).

FGF-2 binding assay. 12 5l-Hunter-Bolton Reagent was used to radiolabel FGF-2 as previously

described [331]. A sephadex G-10 column was used to separate labeled protein from

unconjugated reagent. Protein fractions were pooled, the activity therein was measured, and

subsequently, the concentration was determined using an enzyme-linked immunoabsorbant

assay. Preparations were tested in a mitogenic assay to ensure biological activity and protein

viability. Binding assays were performed as previously described for SMC [332], with an

identical method used herein for BAEC. Briefly, SMC (or BAEC) were seeded in 24-well tissue

culture plates and incubated for 72 h at 370 C until near confluence. Cells were washed once in

DMEM-supplemented media lacking FBS, treated with 0.1 - 100 nM hepl, hepll, or hepll in

DMEM supplemented media with 0.1% FBS, and incubated for 30 min at 370 C, then placed at

4°C for 15 minutes. As previously described [326], experimental and control wells were treated

with 2 ng and 2 glg ' 2lI-FGF-2 respectively. The cells were incubated for 2 h at 4C and

subsequently washed 3 times with cold PBS (pH 7.4) to remove unbound ligand. The cells were

then washed quickly with 0.5 ml HEPES (pH 7.0, 2 M NaCI) per well to remove FGF-2 bound to

the low affinity receptors. Each well was washed twice with 0.5 ml sodium acetate buffer (pH

4.0, 2 M NaCI) to remove FGF-2 bound to high affinity receptors. Each wash was collected and

counted on a Wallace 1270 Gamma Counter. Procedures were repeated three times for each

condition and each cell type.
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Isolation ofHSGAGsfrom SMC and BAEC. Cell surface HSGAG fragments were collected

from SMC and BAEC using one of two methods. In the first procedure fully confluent SMC

were treated with 2 ml trypsin-EDTA (GibcoBRL) per 75 cm2 tissue culture flask for 2 minutes,

collected with 13 ml media, centrifuged at 195 x g for 3 minutes, and diluted 1:20 with

supplemented DMEM-based media after the supernatant was discarded. One hundred twenty

ml of suspension culture were added to each of four 500 cm2 tissue culture plates, which were

incubated for 72 h at 37°C in a 5% CO2 humidified incubator. Each plate was washed twice with

60 ml PBS and subsequently treated with 12 ml trypsin-EDTA. The plates were incubated at

370C for 25 minutes to harvest cell surface proteoglycans. The resulting cell/trypsin solution

was collected and boiled for 10 minutes to deactivate the trypsin and other proteins in the

solution. Subsequently, the solution was centrifuged at 4500 x g for 5 minutes. The supernatant

was collected, and the pellet was discarded. Samples were concentrated bv centrifuging at 2800

x g in a Centriprep 3 (Amicon, Beverly, MA) for 6 hr.

The purification of harvested proteoglycans was completed by anion-exchange

chromatography. Briefly, 1 ml of DEAE Sephacel (Pharmacia Biotech, Uppsala, Sweden) was

added to a polypropylene pipette tip plugged with glass wool. The column was equilibrated

with 5 column volumes of DEAE wash buffer (200 mM NaCI). The collected supernatant was

added to the column. Non-specific binders were eluted with 20 column volumes of DEAE wash

buffer. HSGAGs and associated proteoglycans were eluted with 5 column volumes of DEAE

elution buffer ( M NaCI). The collected samples were buffer exchanged in distilled water using

a Centriprep 3. Samples were stored at -20 0 C until use.

To eliminate potentially confounding effects of the remnant proteoglycan protein core

and other co-isolates, cell surface HSGAGs were isolated via a second procedure. Confluent

SMC and BAEC were trypsinized and diluted :10 with supplemented DMEM media into twelve

75 cm- tissue culture flasks per cell type. Cells were incubated until they reached full

confluence, at which point each flask was washed twice with 20 ml PBS, and the medium was

replaced with 2 ml PBS. Hepl, hepll, or heplll was added to three flasks each for both SMC and

BAEC, sufficient to yield final concentrations of 10 nM. An equivalent volume, 10 Pi, of PBS

was added to the three remaining flasks for each cell type. SMC and BAEC were then incubated

for 30 min and 9 h, respectively, at 37°C, sufficient time to yield the same concentration of

HSGAG from each cell type. The preparations were collected and centrifuged at 4500 x g for 10
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min at 4°C. The pellet was discarded, and the samples were boiled for 30 minutes to eliminate

residual enzymatic activity and inactivate proteins ordinarily in SMC or BAEC conditioned

media. The HSGAG samples were filtered using a 0.45 Mm syringe filter and subsequently

purified by anion-exchange chromatography as outlined above.

Quanitification of isolated HSGAGs. Saccharide amounts of SMC- and BAEC-derived

HSGAGs were quantified by Alcian blue with slight modifications from a previously described

method [37] and by the carbazole assay. Undiluted HSGAG samples as well as those diluted

I:10 were used for the carbazole assay. Two hundred al of each sample was supplemented with

20 [tl of 4 M ammonium sulfamate as well as 1 ml of 25 mM sodium tetraborate in H2SO4 in

screw-cap vials. The solutions were boiled for 5 minutes and allowed to cool to room

temperature. Forty ll of 7.5% (w/v) carbazole in 95% ethanol was added to each solution. The

mixtures were then boiled for 15 minutes and allowed to cool to room temperature. Absorbance

was measured at 520 nm. Uronic acid concentrations were obtained by normalizing absorbance

readings to a heparin standard curve produced during the analysis of cell surface HSGAG

samples.

Compositional analysis. Cell surface HSGAG samples were treated with 200 nM hepl, hepll,

and hepIll in a buffer composed of 25 mM sodium acetate, 100 mM NaCI, and 5 mM calcium

acetate, pH 7.0. Fragments were incubated with the various heps overnight at 30°C to ensure

complete digestion and analyzed by capillary electrophoresis in reverse polarity using a running

buffer composed of 50 mM tris/phosphate and 10 [LM dextran sulfate, pH 2.5. Identities of the

resultant saccharides were determined based on comigration with known standards.

SMC and BAEC proliferation assays. Confluent SMC and BAEC were treated with 2 ml

trypsin-EDTA (GibcoBRL) per 75 cm2 tissue culture flask for 2 minutes and centrifuged at 195 x

g for 3 minutes, after which the supernatant was discarded. Cells were resuspended in the

appropriate proliferation media, and plated at a 1:10 dilution, I ml/well in 24 well plates. The

cells were then incubated for 24 hours at 370 C, 5% CO,, after which they were treated with 500

ng/ml HSGAG or 10 pl PBS and 5 ng/ml FGF2 or 10 [il PBS and incubated at 37°C, 5% CO, for

21 hrs. The concentrations added had been previously determined to induce a maximal response
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in these cell types. After the incubation, each well was treated with 3H-thymidine sufficient to

yield a final concentration of I tCi. The cells were incubated for 3 hrs. Each well was washed

three times with PBS and treated with 500 1I of a IM NaOH solution until the cells lysed. The

contents of each well were mixed with 5 ml scintillation fluid and the mitogenic response was

measured in counts per minute (CPM) as determined by a scintillation counter.

BaF3 proliferation assay with SMC and BAEC HSGAGs. BaF3 expressing FGFRlc were

washed and resuspended to a density of 1 x 10' cells/ml in supplemented DMEM. The cell

suspension was divided into 24 samples, 6 ml each. Cell samples were centrifuged at 195 x g for

3 min at room temperature and resuspended in 3 ml of the cell derived HSGAG preparations

(from hep treatments) such that two sets of cells in each condition were produced, yielding a

total of 6 distinct samples in duplicate for each cell type. One of each set of two was

supplemented with 50 ng/ml FGF2 and the other was supplemented with an equivalent volume,

10 [tI, of PBS. A volume of I ml from each condition was added to each of three wells on 24-

well tissue culture plates. After incubating for 72 h at 370 C, the whole cell number was

determined by Coulter counter, and data from each of three experiments were normalized using a

proliferative index, as previously described [358]. The index is defined as the increase in cell

number for the experimental case divided by the increase in cell number for the positive control.

The PI was calculated independently for each experiment.
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Chapter 4. Quantitative assessment of FGF regulation by

cell surface heparan sulfates

This report was previous published in Biochemical and Biophvsical Research Communications in 2004. See
reference [33] for details. All figures in this chapter were adapted from the original publication.

4.0 Summary

Heparin/heparan sulfate-like glycosaminoglycans HSGAGs modulate the activity of the FGF

family of proteins. Through interactions with both FGFs and FGFRs, HSGAGs mediate FGF-

FGFR binding and oligomerization leading to FGFR phosphorylation and initiation of

intracellular signaling cascades. We describe a methodology to examine the impact of heparan

sulfate fine structure and source on FGF-mediated signaling. Mitogenic assays using BaF3 cells

transfected with specific FGFR isoforms allow for the quantification of FGF 1 and FGF2 induced

responses independent of conflicting influences. As such, this system enables a systematic

investigation into the role of cell surface HSGAGs on FGF signaling. We demonstrate this

approach using cell surface-derived HSGAGs and find that distinct HSGAGs elicit differential

FGF response patterns through FGFRIc and FGFR3c. We conclude that this assay system can be

used to probe the ability of distinct HSGAG species to regulate the activity of specific FGF-

FGFR pairs.

4.1 Introduction

FGF family members interact with both cell surface tyrosine kinase FGFRs [119, 445]

and the HSGAG component of HSPGs [153, 178, 348, 396]. HSGAGs are linear polysaccharides

characterized by repeating disaccharide units, each of which may have any arrangement of five

sets of binary modifications [77]. Of the currently identified 23 FGF family members, all bind to

HSGAGs, albeit with potentially different domains defining the type and strength of the

interaction [349]. The specificity of FGF-FGFR interactions is also governed by protein
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structure and by interactions of both ligand and receptor with cell surface HSGAGs [191, 348,

514]. Together, these interactions provide receptor selectivity and modulate downstream

signaling responses [6, 163, 213, 354, 389]. In addition, even though they may bind to the same

receptor, different FGFs can activate distinct intracellular signaling pathways through specific

interactions with both FGFRs and cell surface HSGAGs [65].

Crystal structure analysis and modeling studies have provided a wealth of insight into

how FGF family members interact with heparin (as a model HSGAG) and FGFRs. Modeling

FGFI-FGFR4 after IL-lP3-ILlR reveals an electrostatic sandwich with heparin between the

ligand and receptor [185]. Crystal structure analysis reveals that FGF1 dimerizes such that the

two FGFI molecules are linked by heparin [92]. In this case, the interactions between heparin

and FGFI are defined by regions of high and low affinities within the protein [504]. FGF1 binds

to FGFR2 forming two 1:1 complexes that produce an asymmetric ternary complex with heparin,

wherein heparin makes contact with both ligands but with only one receptor [365]. Heparin

additionally binds FGF2 without altering the protein conformation, though the heparin chain

does undergo changes in the backbone torsion angles upon ligand binding [111, 392]. Dimerized

FGF2 can form a stable complex with FGFR in the absence of heparin, leaving a canyon in

which heparin likely interacts with both FGFs as well as the FGFR [378]. FGF2 and FGFRI

form 1:1 assemblages that dimerize [451]. Heparin itself binds both FGF2 and FGFRI,

stabilizing FGE -FGFR interactions as well as promoting dimerization [431]. However, despite

the wealth of structural information outlined here, which has served to elucidate the specifics of

FGF-HSGAG FGFR-HSGAG, and FGF-FGFR interactions, understanding how HSGAGs

mediate FGF-promoted cellular activity remains elusive.

Various attempts have been made to define how FGFs, FGFRs, and HSGAGs interact to

promote cellular activity. These studies have invariably pointed to the fact that the FGF system is

a complex one, with few observations being readily extendable to all members of the FGF

family. For example, previous studies have demonstrated that HSGAGs are required for efficient

FGFI-mediated cellular responses [449]. Unlike with FGF1, however, FGF2 induces a

proliferative response through the same receptor in the absence of HSGAGs. albeit to a lower

degree [346, 358, 511]. Thus, with FGF2, it appears that HSGAGs may be playing distinct or

additional roles in regulating activity compared to FGFI [I 115]. Similar comparisons appear to be

true for other members of the FGF family. As such, research into an all-encompassing
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mechanism by which FGFs, FGFRs, and HSGAGs interact to promote a cellular-mediated

response has led to apparently conflicting results. What is required to address apparent

contradictions and confusion are defined cell-based methodologies that can study the interactions

of cell-surface HSGAGs with different members of the FGF family, either alone or in

combination, free of potential complications.

Herein, we define a system to examine the relative effect of various HSGAGs including

those derived from cell surfaces on FGF-mediated cellular responses. The capacity of heparin,

SMC-, and EC-derived HSGAGs to modulate FGFI and FGF2 signaling through FGFRI and

FGFR3 was examined to demonstrate the feasibility and rigor of this system. We find that

heparin, as well as HSGAGs from SMCs and those from ECs, differentially regulates FGF1 and

FGF2 activation of intracellular signaling pathways through FGFRIc and FGFR3c. Taken

together, these results demonstrate that such a cell-based system can be used to tease apart the

differential effects of HSGAGs on the activation of distinct FGFRs by FGF family members.

4.2 Results and discussion

4.2.1 Mitogenic assays can quantify FGF1 and FGF2 biological responses

HSGAGs interact both with members of the FGF family and with the ectodomain of

FGFRs [365, 431]. The use of complex cell-based systems to assess the biological response of

FGFs can lead to conflicting results due to variable receptor and/or HSGAG expression patterns

[1 15, 346, 358, 511]. A simpler biological system, with a defined receptor expression pattern as

well as defined HSGAG structural motifs, is required to understand how distinct HSGAGs

influence the binding to and activation of an FGFR isoform by a given member of the FGF

family. The BaF3 cell system, which can be transfected with various FGFRs, but lacks cell

surface HSGAGs, serves as an ideal starting point for such studies [347, 348].

The capacity of FGF1 and FGF2 to induce a cellular-mediated response in FGFRIc-

transfected BaF3 cells was measured by both whole cell proliferation and thymidine

incorporation assays. FGF1 promoted heparin-dependent mitogenesis as measured by thymidine

incorporation, but could not elicit whole cell proliferation even in the presence of heparin

(Figures 4.1A and 4.1B). FGF2, however, induced heparin-independent proliferation and
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mitogenesis. Heparin was required to reach the maximal proliferative potential, but it only

increased the potency of FGF2 when cellular response was measured by mitogenesis (Figures

4.1C and 4.11)). Cellular-mediated responses from FGFI and FGF2 were uniformly evident

through dose-dependent increases in mitogenesis. The heparin dependence of FGFI and FGF2

cellular-mediated responses is therefore specific to the method by which the response is

measured. In order to use a unified system to examine the contribution of specific HSGAG

structural motifs on FGFI and FGF2 activity, thymidine incorporation was used as a measure of

mitogenesis to enable comparisons between the ligands. Additionally, since both FGFRIc and

FGFR3c support each of FGFI- and FGF2-mediated mitogenic responses to a similar level

[348], separate BaF3 cell lines expressing either FGFRIc or FGFR3c were used to demonstrate

that this system can potentially be expanded to explore multiple FGFRs.
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Figure 4.1. Heparin differentially modulates FGFI and FGF2 based on the method of analysis. BaF3
cells transfected with FGFRI were treated with varving amounts of FGFI (A.B) or FGF2 (C.D) in the
presence of PBS or 500 ng/ml heparin. The cellular-mediated response was measured by proliferation (A.C) or
mitogenesis (B.D) and converted to PI or MI. respectively.
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4.2.2 Digestion of heparin differentially modulates FGF1 and FGF2 through

both FGFR1c and FGFR3c

We examined whether this system could be used to distinguish the effects of distinct

HSGAGs on modulating FGF-FGFR interactions to produce cellular responses. Initial studies

were performed with heparin as a model HSGAG, since several studies use heparin as a

surrogate HSGAG. Heparin was differentially digested with hepl, hepll, or heplll to generate

three distinct HSGAG pools (Table 4.1), which were added exogenously to an FGF-FGFR pair

(either FGFI-FGFRlc, FGFI-FGFR3c, FGF2-FGFRlc, or FGF2-FGFR3c). After ligand and

HSGAG addition to the appropriate transfected BaF3 culture, the mitogenic response was

measured and converted to percent of positive control for the specific ligand and receptor,

defined by the FGF in the presence of undigested heparin.

Disa ccha ride Hepar in SNiCs BALECs

A Ls H NS.6S 61.5 13.2 7.9

ALis H NS 4.() 24.8 29.9

H NS.6S 1 2.9 6.6 5.1

A UI1s H NAc,6S ) ()

AUHNS 3.8 25.6 22.4

AtL2SHNA c ().2 () 1)

A H NAc.6S 8.6 6.6 5.6

ALlHNAc 4.7 23.1 29.)

Table 4.1. Compositional analysis of heparin and HSGAGs derived from SMCs and from BAECs.
Numbers represent a percentage of total disaccharide ithin the given condition. Each disaccharide is
composed of an unsaturated uronic acid (AU) with or without 2-0 sulfation (2S), as well as a glucosamine (H).
with or without each of N-sulfation (NS), N-acetylation (NAc) or 6-0 sultfation (6S).

We find that hepi-digested heparin was unable to support FGFl-induced mitogenesis

through FGFRlc as efficaciously as undigested heparin (Figure 4.2A). However, digestion of

heparin with either hepII or hepIII did not influence heparin's ability to support mitogenesis.

Conversely, hepi, hepll, or hepllTTl treatment of heparin reduced the mitogenic response induced

by FGF2 through FGFRIc. In the case of BaF3 cells transfected with FGFR3c, hepl and hepll

digestion of heparin led to a reduced ability of FGF I to promote a mitogenic response compared
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to undigested heparin (Figure 4.2B), while heparin fragments generated by hepIll digestion were

functionally equivalent to undigested heparin. Conversely, with FGF2, only hepl-digested

material produced an effect that was statistically different from undigested heparin. These

findings reveal that mitogenic assays for FGF activity in the BaF3 cell system can be used to

detect differential effects of distinct HSGAG pools on influencing FGF-mediated mitogenesis.

We find that specific heparin structures mediate FGF I or FGF2-induced mitogenesis and that the

structural requirements of FGFI and FGF2 are distinct, consistent with previous investigations

[389, 392].
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Figure 4.2. Heparinase digested heparin differentially affects FGF1- and FGF2-mediated mitogenesis.
BaF3 cells expressing either (A) FGFR or (B) FGFR3 were incubated with 5 ng/ml FGF1 (m) or FGF2 ( )
and 500 ng/ml heparin pretreated with hepl. hepll. heplll or PBS. Cellular-mediated response is represented
as the percent of the response induced b undigested heparin. * denotes p < 0:05 Ior heparinase digested
heparin compared to undigested heparin.
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4.2.3 SMC- and BAEC-derived HSGAGs differentially regulate FGF1 and

FGF2

To further examine the validity of the FGFR-transfected BaF3 cell system, cell surface

derived HSGAGs were used. HSGAGs were isolated from SMCs and BAECs by trypsin

digestion. Typical yields from four 500 cm2 plates were -200 and -170 pg for SMCs and

BAECs, respectively. Compositional analysis was performed on SMC-derived HSGAGs as well

as BAEC-derived HSGAGs and compared to the composition of heparin (Table 4.1). Heparin is

predominantly composed of trisulfated disaccharides. Cell surface HSGAGs from SMCs and

BAECs, however, had higher levels of di-, mono-, and unsulfated disaccharides.

SMC- and BAEC-derived HSGAGs were pretreated with heparinases or PBS, and their

effects on FGF1- or FGF2-induced mitogenesis through FGFRlc or FGFR3c were determined.

Undigested cell surface HSGAGs (PBS treated) did not elicit FGF1 or FGF2 responses through

either FGFRIc or FGFR3c as efficiently as heparin. Similarly, HSGAGs from Balb/c3T3 cells

and human umbilical vein endothelial cells support lower degrees of mitogenesis than heparin

[527]. Our findings can be rationalized based on the compositional analysis. Heparin averages

2.40 sulfate groups per disaccharide, while SMC and BAEC average 1.35 and 1.20 sulfate

groups per disaccharide, respectively. Interestingly, the mitogenic response elicited in the

presence of undigested BAEC-derived HSGAGs is only slightly higher than that of FGF1 or

FGF2 alone, suggesting that BAEC HSGAGs do not efficiently support FGF-mediated activity.

This finding confirms that the model system described is sensitive to the differential capacity of

distinct HSGAG pools to promote FGFI- and FGF2-induced responses.

SMC-derived HSGAGs were then systematically digested with heparinases to allow for a

more thorough examination of the ability of the BaF3 system to reveal differential cellular

responses to distinct HSGAG pools. In contrast to digestion of heparin, heplll digestion of SMC-

derived HSGAGs (as opposed to hepl for heparin) inhibited FGFI activity through FGFRlc

while digestion of SMC HSGAGs with hepll or hepI (as opposed to hepll for heparin) had no

effect (Figure 4.3A). For FGF2, HSGAGs isolated from SMC behaved similarly to heparin in

that hepi, IT, or III treatment reduced FGF2s mitogenic activity. In the case of FGFR3c,

heparinase treatment of SMC-derived HSGAGs enhanced the FGF i-mediated response, with the

response most pronounced after hepI digestion (Figure 4.3B). Similarly, digestion of SMC
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HSGAGs with either hepl or hepll enhanced FGF2-induced mitogenesis through FGFR3c

relative to undigested HSGAGs.

A FFR 1 cI R FGFR'r

FGF1
- - FGF2

Hepl Hepll Hep ll PBS

.I 1_n

0'-
X

O

Hep I Hep II Hep lll PBS

D 50

40

30
x

20
U

10

n

Hep I Hep ll Hep ll PBS Hep I Hepll Hep lll PBS

Figure 4.3. Cell surface HSGAGs promote FGF-induced mitogenesis. BaF3 cells expressing either
FGF RKI (A.C) or FGFR3 (.D) kkere incubated ith 5 ng/ml FGFI () or lGF2 ( ) and 500 ng/ml [ISGAG
derived firom either SMC (A.B) or BAEC (C.D) with trypsin. and pretreated with hepl. hep. hepTTTll or PBS.
Cellular-mediated response is represented as CPM incorporated x 10-:. * denotes p < 0:05 for heparinase
digested HSGA(is compared to undigested HSGAGs.

Previous studies have demonstrated that HSGAGs from BAECs have a similar

composition to those from SMCs, but promote distinct patterns of biological responses due to

alterations in fine structure [34]. Therefore, we sought to examine whether the BaF3 model

system presented herein can distinguish any functional differences between BAEC- and SMC-

derived material. To test this, HSGAGs from BAECs were treated with heparinases in a similar

manner to SMC-derived material (and heparin). With BAEC-derived HSGAGs, we find that

heparinase digestion does not alter FGF1-mediated mitogenesis through FGFRIc (Figure 4.3C).

Conversely, with FGF2, hepl digestion of BAEC-derived HSGAGs inhibits a mitogenic
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response; hepil or hepill treatment does not alter the response. Thus, these findings confirm and

extend the notion that BAEC HSGAG fragments are functionally distinct from SMC HSGAGs.

Differences between FGF1 and FGF2 are also observed upon moving from BaF3 cells

expressing FGFRIc to those expressing FGFR3c. In this case, hepl or heplI treatment of BAEC

HSGAGs lowered FGFl-mediated mitogenic responses compared to undigested BAEC

HSGAGs (Figure 4.3D), whereas digestion with any of the heparinases reduced the ability of

BAEC HSGAGs to induce mitogenesis through FGFR3c.

4.2.4 The use of a consistent system allows for insights into HSGAG

modulation of FGF-FGFR interactions

The data presented herein demonstrate that a simple mitogenic assay utilizing FGFR-

transfected BaF3 cells can be used to analyze the differential effects of HSGAGs, including

those from the cell surface, on FGF-mediated cellular response. In every FGF-FGFR pair

examined, digestion of HSGAG material to produce oligosaccharides of distinct composition and

fine structure [34] induced distinct patterns of biological response. Given that each FGF-FGFR

pair elicited a similar "baseline" positive control in the presence of undigested heparin, the

specific contribution of HSGAGs on several FGF-FGFR sets can be assessed and compared.

Taken together, the data presented here outline a rigorous methodology that can be used to

profile cell surface HSGAG fragments in terms of their functional ability to promote FGF-

mediated activity through defined FGFR isoforms. As such, we anticipate that this system will

prove valuable in future examinations of the role of HSGAG fine structure in FGF and growth

factor-mediated activation of intracellular signaling pathways.

4.3 Significance

The interactions between HSGAGs and FGF family members have been extensively

studied. HSGAGs, which bind all FGFs known to date, mediate the binding of FGF to FGFRs,

and facilitate oligomerization, which in turn, promotes receptor phosphorylation, activation of

intracellular signaling cascades, and subsequent cellular response. Previous work demonstrated

that cell surface HSGAGs can regulate cellular proliferation in response to FGF2 signaling
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through FGFRIc. The fine structure intrinsic to the HSGAGs derived from a specific cell type,

however, defines the effect that the specific HSGAGs has on the growth factor. This study

served to extend previous analyses by examining the effects of full length heparin, SMC-derived

-ISGAGs, and BAEC-derived HSGAGs on FGFI and FGF2 signaling through FGFRlc and

FGFR3c. Mitogenic assays, but not proliferative assays, could detect cellular responses to FGF 1

and FGF2. Consistent with previous studies, heparinase treatment of heparin did alter the

mitogenic response. HSGAGs from SMCs and BAECs, digested with heparinases, also elicited

differential FGF responses patterns, for both FGF1 and FGF2, through FGFRlc and FGFR3c.

Fine structure in cell surface HSGAGs can therefore modulate the cellular response of various

FGF-FGFR pairs. The cellular response is defined not only by the FGF-FGFR pair, but also by

the HSGAG component. Importantly, the ability for a single system to demonstrate HSGAG

modulation of multiple FGFs through FGFRs, suggests that this assay system can be extended to

probe the ability of distinct HSGAG species to define the cellular response in specific FGF-

FGFR pairs beyond those described.

4.4 Experimental Procedures

Proteins and reagents. Recombinant human FGFI was from Amgen (Thousand Oaks, CA).

Recombinant Lhuman FGF2 was a gift from Scios (Mountain View, CA). Recombinant

heparinases were expressed as previously described [326]. FBS was from Hyclone (Logan, UT).

DMEM, RPMI-1640, PBS, L-glutamine, and penicillin/streptomycin were obtained from Gibco-

BRL (Gaithersburg, MD). Mouse recombinant IL-3 was from R&D Systems (Minneapolis, MN).

Porcine intestinal mucosa heparin was purchased from Celsus Laboratories (Columbus, OH).

BaF3 cells transfected with FGFRlc or FGFR3c were generously provided by Dr. David Ornitz

(Washington University, St. Louis, MO). BAECs were generously provided by Dr. Elezar

Edelman (MIT., Cambridge, MA).

Cell culture. Bovine aortic SMCs were isolated from calf aortas as previously described [33 1].

SMCs were maintained in DMEM supplemented with 10% FBS, 100 pg/ml penicillin, 100 U/ml

streptomycin, and 500 iLg/ml L-glutamine. BAECs were maintained in DMEM (low glucose),
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supplemented with 10% FBS, 100 pg/ml penicillin, 100 U/ml streptomycin, and 500 [Ig/ml L-

glutamine, as described [115]. SMCs and BAECs were propagated in 75 cm2 flasks at 370 C in a

5% CO, humidified incubator and passaged 2-3 times a week, when cells reached confluence.

BaF3 cells transfected with various FGFR isoforms were maintained as independent suspension

cultures in propagation media composed of RPMI-1640 supplemented with 10% FBS, 100 Plg/ml

penicillin, 100 U/ml streptomycin, 500 [tg/ml L-glutamine, and I ng/ml mouse recombinant IL-

3. Cultures were grown in 75 cm2 flasks at 37 °C in a 5% CO: humidified incubator and

passaged 1:10 by dilution three times a week.

HSGAG isolation and purifcation. Cell surface HSGAG fragments were collected from SMCs

and BAECs and purified as described with slight modifications. Confluent SMCs or BAECs

were treated with 3 ml trypsin-EDTA per 75 cm2 tissue culture plate for 3-5 min, centrifuged at

195g for 3 min, and resuspended in DMEM supplemented with 10% FBS. One hundred and

twenty milliliters of suspension culture was added to each of four 500 cm2 tissue culture plates

and incubated at 37 °C in a 5% CO2 humidified incubator until confluent. Each plate was washed

twice with 60 ml PBS. Plates were treated with 5 ml trypsin-EDTA and incubated at 37 °C for

25 min to cleave cell surface proteoglycans. The resulting cell/trypsin solution was boiled for

10 min to deactivate the trypsin. The solution was centrifuged at 4500g for 7 min, the

supernatant was collected, and the pellet was discarded. Samples were concentrated by

centrifuging in a Centriprep 3 (Amicron, Beverly, MA) overnight at 4 °C at 2500g.

PGs were isolated by anion-exchange chromatography. One milliliter of DEAE Sephacel

(Pharmacia Biotech, Uppsala, Sweden) was added to a polypropylene pipette tip plugged with

glass wool. The column was equilibrated with 5 column volumes of DEAE wash buffer

containing 200 mM NaCI. The supernatant was added to the column. Contaminants were eluted

with 15 column volumes of DEAE wash buffer. Proteoglycans and associated HSGAGs were

eluted with 5 column volumes of DEAE elution buffer containing I M NaCI. The collected

samples were buffer exchanged in PBS using a Centriprep 3. Samples were stored at -20 °C

until use.

HSGAG quantification and compositional analysis. Amounts of SMC- and BAEC-derived

HSGAGs were quantified by Alcian blue with slight modifications from a previously described
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method [37] and by carbazole assay [34], with slight modification. HSGAG samples, undiluted

and diluted 1:10 in a final volume of 20 il, were supplemented with 2 of 4 M ammonium

sulfamate and 100 tlp of 25 mM sodium tetraborate in HSO 4. The solutions were boiled for

5 min and allowed to cool to room temperature. Four microliters of 7.5% (w/v) carbazole in 95%

ethanol was added to each solution. The mixtures were boiled for 15 min and allowed to cool to

room temperature. Absorbance was measured at 520 nm. Uronic acid concentrations were

obtained by normalizing absorbance readings to a heparin standard curve.

For compositional analysis, samples were treated with 200 nM hepl, hepll. and heplll in a buffer

composed of 25 mM sodium acetate, 100 mM NaCI, and 5 mM calcium acetate, pH 7.0.

HSGAGs were incubated with the heparinases overnight at 30 °C to ensure complete digestion,

and subsequently analyzed by capillary electrophoresis in reverse polarity', using a running buffer

composed of 50 mM Tris/phosphate and 10 [tM dextran sulfate, pH 2.5. Identities of the

disaccharides were determined based on comigration with known standards [100, 361, 399, 488].

BaF3 proliferation assay. BaF3 cells transfected with FGFRIc, previously verified by RT-PCR

[34]. were employed to measure the heparin dependence of FGF 1 and FGF2 cellular-mediated

responses as described [34] with slight modifications. FGFRlc-transfected BaF3 cells were

seeded at a density of I x 105 cells/ml in IL-3 deficient RPMI-1640 after washing three times.

Cell suspension was added to each well of 24-well plates, 1 ml/well. Cells were supplemented

with FGFI or l::GF2 as well as PBS or 500 ng/ml heparin. After incubating for 72 h, whole cell

number was determined using an electronic cell counter, and data from each of three experiments

were normalized using a PI, as described [358]. The index is defined as the increase in cell

number for the experimental case divided by the increase in cell number for the positive control.

A value of 0 is defined by cells treated with PBS only, while a value of 1 is defined by the

positive control. produced by 50 ng/ml FGF2 and 500 ng/ml heparin.

BaF3 mitogenic assay. BaF3 cells expressing FGFRlc and FGFR3c isoforms [34] were washed

three times to remove IL-3 and resuspended to a density of 1 x 105 cells/ml in IL-3 deficient

media. Cells were added to 96-well tissue culture plates with a volume of 100 pl/well. In the first

set of experiments, cells were supplemented with FGF I and FGF2 over a range of concentrations

in the presence or absence of heparin. For the second set of experiments, heparin was treated
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with 10 nM of hepI, II, II or PBS for 30 min and digestion was verified by UV spectroscopy at

232 nm. Samples were boiled for 30 min and filtered using a 0.45 tIm syringe filter. The

resulting fragments were added to cells at a final concentration of 500 ng/ml. FGF1 or FGF2

was added to each well sufficient yield a final ligand concentration of 5 ng/ml. Cells in media

without heparin or ligand served as the negative control. The positive controls were cells

supplemented with 5 ng/ml ligand and 500 ng/ml PBS-treated heparin. Cells were incubated at

37°C for 21 hours, treated with 1 ICi [3H]thymidine in a volume of 10 tl, and incubated at 37 °C

for 3 h. Subsequently, cells were harvested onto glass filter paper using a cell harvester. Each

filter sheet was coated with 4 ml scintillation fluid and counts per minute (CPM) were

determined by scintillation counter. These experiments were also performed using HSGAGs

derived from SMCs and from BAECs. Data were normalized using a mitogenic index (Ml),

which is calculated similar to the Pl, with the negative control defined as zero, and the heparin-

FGF2 combination inducing the maximum proliferation defined as 1.
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Chapter 5. Stromal cell surface heparin/heparan sulfate-like

glycosaminoglycans regulate tumor cell proliferative and

metastatic potentials

5.0 Summary

HSGAG(s are linear polysaccharides found at the cell surface and in the ECM. HSGAGs

have emerged as important modulators of several biological processes notably including cancer

growth and progression. Given the importance of the interplay between tumor cells and stromal

cells in regulating various important phases of cancer; including proliferation,

neovascularization, ECM breakdown, and metabolism; we investigated whether stromal derived

HSGAGs could modulate tumor cell properties. HSGAGs from BAECs potently inhibited B 16-

F10 cell proliferation and increased adhesion. Smooth muscle cell HSGAGs, however, only

moderately inhibited tumor cell growth. The cell-derived HSGAGs have similar HSGAG

disaccharide compositions by distinct elements of fine structure. Correspondingly, BAEC

HSGAGs were found to elicit their affects through p1-integrin while SMC HSGAGs modulated

FGF2 signaling. The in vitro finding that the two HSGAG sets regulated cancer growth and

progression was reiterated in vivo. HSGAGs from BAECs additionally inhibited primary tumor

growth more than SMC HSGAGs in vivo, while SMC HSGAGs, but not BAEC HSGAGs,

inhibited metastasis. Stromal cell HSGAGs can therefore serve as important regulators of tumor

cell growth and progression. Furthermore, the specific affects of stromal cell derived HSGAGs

are likely defined by elements of HSGAG fine structure. The specific fine structure of stromal

cell derived HSGAGs may therefore play an important role in determining the ability of tumor

cells to thrive in a specific region.

Page 73



5.1 Introduction

The interplay between tumor cells and the surrounding microenvironment is important in

determining the growth and progression of tumors [272]. Several of the events involved in

tumor growth and metastasis are influenced by interactions between the cancerous cells and the

surrounding ECM. Signals from the ECM can confer metastatic fitness, a factor associated with

tumor cells that comprise metastatic foci [122, 382, 393]. HSGAGs are key components of the

cell-ECM interface, and correspondingly, have been implicated in modulating tumor growth and

metastasis [5, 44, 274].

HSGAGs are complex biological polymers attached to HSPG core proteins, found

ubiquitously on the cell surface and free in the ECM. Various modifications to the disaccharide

repeat unit yield 48 distinct possible structures [77]. The individual disaccharides combine to

produce a variety of sequences that enable the regulation and modulation of several important

biological processes, including tumor growth and metastasis [426]. Cellular expression of

various HSGAG modifying enzymes serves to regulate the relative quantities of specific

disaccharides as well as the fine structure of the HSGAGs produced by that cell type [269].

Cancer cells undergo changes in HSPG expression, HSGAG composition and HSGAG

fine structure [38]. The alterations of cell surface HSGAGs additionally correlate with cancer

progression [446]. These changes in HSGAGs can serve to differentially regulate cellular

activities and responses to extracellular cues. Altering the HSGAG profile, for example, can

promote or inhibit FGF2 activity, an important factor in melanoma growth [158, 161, 274]. The

HSGAG pool in the cancer cell microenvironment is composed of HSGAGs from the cancer

cells themselves as well as stromal cells.

Stromal cell HSGAGs could be expected to influence tumor cell growth and metastasis in

a similar way to cancer cell HSGAGs, and are therefore an important, yet unexamined

component of the tumor cell microenvironment. With potentially distinct HSGAG compositions

and fine structures, HSGAGs from stromal cells may make important contributions to the growth

potential and metastatic fitness of the cancer cells themselves. In this study, we investigated

whether stromal cells could impact tumor cells through their HSGAGs. Using BAECs and

SMCs as stromal cells, we found that HSGAGs from stromal cells can inhibit B16-FIO murine
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melanoma cell growth. The HSGAGs from these two cell types have similar disaccharide

compositions, but BAEC HSGAGs potently inhibit proliferation and also promote cell adhesion,

while SMC HSGAGs only modestly inhibit proliferation and do not modulate cell adhesion. The

HSGAGs from the two cell types also regulate distinct cellular pathways. BAEC HSGAGs

influence B16.-F10 cells through 31-integrins while SMC HSGAGs alter FGF2 signaling.

Additionally, BAEC HSGAGs inhibited primary tumor growth i vivo to a greater extent than

SMC HSGAGs. SMC HSGAGs, but not BAEC HSGAGs, however, inhibited metastasis in

vivo. Stromal cell derived HSGAGs can therefore modulate tumor cell processes. Further, fine

structure of the stromal cell HSGAG influences the mechanism and magnitude of effect on the

cancer cells.

5.2 Results and Discussion

5.2.1 The proliferative and metastatic potentials of cancer cells can be

regulated by HSGAGs

HSGAGs are important regulators of tumor growth and metastasis, interacting directly

and indirectly with cancer cells. The direct interactions between HSGAGs and cancer cells are

complex, with several mechanisms identified to date [44, 271, 274, 523]. Angiogenic and

coagulation factors, which are strongly regulated by HSGAGs, for example, play important roles

in defining cancer growth and metastasis of various cancers without acting on the cancer cells

themselves [196, 427]. In the tumor microenvironment, HSGAGs are contributed by tumor cells

and by stromal cells. Cancer cell derived HSGAGs are important regulators of cancer growth

and progression by directly altering cell processes [274]. As interactions between stromal and

tumor cells provide important influence over features of cancer growth and progression [172],

we investigated whether stromal cell-derived HSGAGs could also influence tumor growth and

progression.
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5.2.2 Stromal cells differentially affect B16-F10 melanoma cells in co-culture

To probe the interaction between cancer and stromal cells, BAECs and SMCs were each

co-cultured with B16-F10 murine melanoma cells at various cell:cell ratios and the resulting

whole cell number was determined. The co-culture system was used to observe if these cell lines

could impact B16-FIO cells through either cell-cell interactions or secreted factors, both

potentially important for stromal cell regulation of tumor cells [484, 492]. After three days, co-

culture whole cell number was compared to the sum of the whole cell numbers of the two cell

lines grown independently with the same initial cell numbers. Co-cultures with BAEC:B 16-FIO0

ratios of 1:1 (p < 0.003), 4:1 (p < 0.0002), 10:1 (p < 5 x 10-9), and 100:1 (p < 0.0003) had

significantly fewer cells than the corresponding independent cultures (Figure 5.1). Co-cultures

of SMCs and B16-F10 cells, however, were not significantly different from the sum of

independent cultures at any SMC:B16-FIO ratio examined (data not shown). Stromal cells can

therefore differentially effect cancer cell growth, but the effect varies between stromal cell types.
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Figure 5.1. BAECs inhibit B16-FIO proliferation. BAECs and B16-F10 cells were co-cultured at various
ratios with a total cell number of 5 x 10

4 cells/mi. or grown independently with identical initial cell numbers.
The total cell number was determined after three days. and the total cell number from the co-culture was
compared to the sum of that from the independent cultures. * denotes p < 0.05 for the co-culture value versus
the independent sum value at a given ratio.

Page 76

BAEC-B16F10 Co-Culture
I Sum of Indepependent Cultures

T T I

* T

I

I I I

I I

I

I IM F� m r-i



5.2.3 BAEC HSGAGs confer growth inhibition

We next sought to define the factors by which BAECs inhibited B16-F10 cells. Both

secreted and stromal cell surface factors were investigated. Conditioned media was collected

from BAECs and from SMCs, and added to B16-F10 cells to identify any critical secreted

factors. SMC-derived conditioned media was used as a control as no growth inhibitory effect

was observed in SMC-B16-F10 co-cultures. Conditioned media from BAECs supported less

B16-F10 proliferation than conditioned media from SMCs (Figure 5.2A), consistent with

secreted factors influencing B16-F10 cell growth. To dissect out the factors in conditioned

media that enabled BAECs to inhibit B16-F10 proliferation, the conditioned media was boiled

prior to addition to B16-F10 cells. Boiled conditioned media from BAECs still supported less

B16-F10 cell growth than boiled conditioned media from SMCs (Figure 5.2B). Finally,

conditioned media was treated with both hepl and hepIll, and subsequently boiled. Heparinase

treatment of conditioned media abrogated the proliferative differences between BAEC- and

SMC-derived conditioned media (Figure 5.2C), suggesting that HSGAGs are the critical

secreted factor conferring the BAEC-mediated growth inhibition, given the specificity of the

heparinases for HSGAGs [104].
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Figure 5.2. The HSGAG component of BAEC conditioned media reduces B16-FIO whole cell number.
BAECs and SMC's were grown in serum deficient media for 24 hours, after which the media was transferred to
316-;110 cultures. The afftict on xkhole cell number was determined for A) untreated media. B) boiled media.
and C) boiled then hepl and heplll treated media. * denotes p < 0.05 for proliferation in BAEC conditioned
media compared to that in SMC conditioned media.

To examine whether cell surface HSGAGs could also contribute to the observed B 16-F10

inhibition in co-culture, HSGAGs were isolated from BAECs and SMCs, purified, and added to
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BI6-F10 cells. Purification was performed through anion exchange chromatography and buffer

exchange against water. Other GAGs were removed prior to administration of B16-F 10 cells by

complete digestion with chondroitinase ABC and subsequent buffer exchange. Cell derived

HSGAGs reduced B16-F10 whole cell number after a 72 hour incubation. HSGAGs from

BAECs reduced B16-F10 whole cell number 88.1 ± 2.3% (p < 3 x 10- I) while those from SMCs

reduced it by only 53.7 ± 4.5% (p < 7 x 10-1). Cell surface HSGAGs therefore also inhibit

tumor cell growth.

5.2.4 The fine structure of cell derived HSGAGs define their growth

inhibitory activity

After defining that cell derived HSGAGs were sufficient to inhibit B 16-F IO growth, we

sought to further probe the structural components responsible for this phenotype. HSGAGs from

BAECs and SMCs have similar disaccharide compositions [31], suggesting that the ability of cell

derived HSGAGs to inhibit B16-F10 cell growth is therefore not defined by composition. To

examine the importance of HSGAG fine structure and to confirm that composition alone is not a

defining factor, stromal cell derived HSGAGs, as well as heparin and HS were pretreated with

PBS, hepl, or heplll. Enzymatic treatments were controlled to only partially digest HSGAGs.

Digestion was verified and the degree thereof measured by UV spectroscopy at 232 nm. Control

PBS treatments enabled assessment of the undigested HSGAGs, and heparinase digestions were

used to probe the fine structure of these HSGAGs by comparing the biological response induced

by the digested HSGAGs to that of heparinase treated HSGAGs [31].

Neither the highly sulfated heparin nor the undersulfated HS inhibited B16-F10

proliferation (Figure 5.3). The similarity between heparin and HS is consistent with

composition alone not being sufficient to define B16-F10 cell growth. When heparin was

pretreated with hepIII, but not hepl, B16-F10 whole cell number was reduced (p < I x 10-5).

Heparinase treatment did not significantly alter HS-mediated proliferative effects. Heparinase

digestions, however, did alter the growth inhibitory effects of cell derived HSGAGs. Each of

hepI and hepIII digestion increased the magnitude of the inhibitory effect of BAEC HSGAGs (p

< 0.02), but decreased it for SMC HSGAGs (p < 0.002), relative to the corresponding PBS

treated HSGAG. These results are consistent with the presence of distinct fine structures in

BAEC- and SMC-derived HSGAGs. Heparinases have been proposed to or inhibit the ability of
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HSGAGs to impact tumor cell growth by releasing or digesting cryptic" regions, elements of

the fine structure, that are important in regulating cell processes [274, 4431. The differences in

fine structure and the unique fragments released by heparinase digestion in BAEC and SMC

HSGAGs may account for the distinct B16-FI0 cellular responses elicited in co-cultures and by

conditioned media.
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Figure 5.3. BAEC cell surface HSGAGs inhibit B16-FI0 proliferation. B16-F 10 cells -ere treated with 500
ng/ml of HSGA(Gs pretreated with hepl. heplTl. or PBS. and B16-F10 avhole cell count was determined after 72
hours. * denotes p < 0.05 for the experimental condition compared to the PBS only control. denotes p < 0.05
tbr digested I ISCiAGs compared to the same ISGAG treated wd ith PBS.

5.2.5 BAEC- derived HSGAGs promote cell adhesion

In addition to influencing tumor cell growth, HSGAGs, specifically those attached to

syndecan core proteins, interact with integrins and modulate processes including cell adhesion

and spreading [24]. We therefore examined whether HSGAGs harvested from BAECs and from

SMCs could also modulate B16-FI0 cell adhesion. B16-F10 cell suspensions were treated with
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cell derived HSGAGs, and the number of unattached cells was determined over two hours.

HSGAGs from BAECs showed significantly fewer unattached cells, or more attached cells, at

times of 30 (p < 0.004), 60 (p < 0.04), 90 (p < 0.006), and 120 (p < 0.05) minutes (Figure 5.4).

SMC HSGAGs, however, did not alter cell adhesion. Cell derived HSGAGs therefore

differentially regulate cell adhesion.
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Figure 5.4. Cell surface HSGAGs from BAECs promote B16-FIO adhesion. B16-F10 cells were added to
wells containing PBS or either SMC- or BAEC-derived HSGAGs sufficient to yield a final concentration of 500
ng/ml. The number of unbound cells was determined at 10. 30. 60. 90. and 120 minutes. * denotes p < 0.05
compared to PBS treatment.

5.2.6 SMC HSGAGs inhibit B16-F10 cell growth by enhancing FGF2 activity

HSGAGs from BAECs and SMCs have distinct fine structures that can differentially

regulate important cellular processes [30, 31, 33], likely affecting B16-F1O cells. We next

explored whether these distinct elements in fine structure exerted their influence over common or

distinct cell processes in B 16-F IO cells. HSGAGs from SMCs more efficiently regulate cellular

response to FGF2 than HSGAGs from BAECs [31]. Furthermore, FGF2 has an essential

autocrine role in some melanomas [158, 161]. To probe whether differential regulation of FGF2

was a critical factor involved in the distinct behaviors of SMC- and BAEC-derived HSGAGs, the

affect of FGF2 on B16-FO1 cells was first explored. FGF2 maximally reduced whole cell

Page 80

* * *

UU -

I - -

I I I I I



number at 50 ng/ml FGF2, with a magnitude of 34.6 ±

3.5% (Figure 5.5A). FGF2 at 10 ng/ml reduced whole

cell number by 26.0 2.6%. This concentration was

used for further experiments in order to enable

detection of either inhibition or enhancement of FGF2

activity.

A)

B)

We next examined how cell derived HSGAGs

effected B 16-F IO proliferation in the presence of FGF2.

Independent addition of FGF2 (22.1 + 7.5%; p < 0.001)

and SMC-derived HSGAGs (24.0 ± 9.4%; p < 0.002)

inhibited B16-::10 proliferation after 48 hours (Figure

5.5B). The combination of both also inhibited

proliferation (37.3 ± 7.9%; p < 6 x 10-6), significantly

more than either FGF2 (p < 0.01) or SMC HSGAGs (p

< 0.04) independently, demonstrating that SMC

HSGAGs increase the magnitude of the FGF2 induced

cellular mediated response. previously demonstrated

with HSGAGs free in the ECM [115]. The affect of

BAEC HSGAGs on B16-F10 cell growth was not

altered by FGF2 (p > 0.36).

Treatment of B16-FIO cells with antibodies

specific to FGFRI abrogated the growth inhibition

induced by FG12-2 (p > 0.34), SMC HSGAGs (p > 0.79),

as well as the combination of both (p > 0.06). B16-F10

cells have been previously demonstrated to express

FGFRI, a receptor through which FGF2 induces

cellular mediated responses [254, 348]. Similarly,

antibodies specific to FGF2 prevented reductions in

whole cell number after treatment with FGF2 (p >

0.86), SMC HSGAGs (p > 0.12), or both together (p > 0.
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Figure 5.5. SC-derived HSGAGs inhibit
B16-FIO proliferation by promoting FGF2
activity. A) B R16-F I 10 cells were treated x ith
various concentrations of FGF2. Whole cell
number was determined after 48 hours and
converted to a percent reduction in whole cell
number compared to PBS treated cells. B)
B16-F1O cells \'ere treated 'Aith PBS. 10
ng/ml FGF2. 500 ng/ml SMC ISGAG or
both FlGF2 and SMC' ISGAG in the
presence of PBS. anti-FGFRI antibod?
(1:100) or anti-l'G`2 antibody ( 1:100). [)ata
is presented as whole cell number.
determined after 48 hours. * denotes p <
0.05 compared to the corresponding PBS
treatment. C) B16-FIO cells ere treated
xxith PBS or 500 n/ml SNIC IISGAG, in the
presence of either PBS or 20) pM PD98059.
Data is presented as whole cell number,
determined after 48 hours. * denotes p <
0.05 for SMC HSGAGs compared to PBS
treatment.

.42). These results suggest that SMC

HSGAGs inhibit B16-F10 proliferation through an FGF2 mediated mechanism.
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To further confirm that the FGF2 pathway is used by SMC HSGAGs, we examined

whether PD98059, which inhibits Erk, could also prevent the observed growth inhibition with

HSGAGs from SMCs. Pretreatment with PD98059

did prevent the reduction in whole cell number

induced by SMC HSGAGs (p > 0.26; Figure 5.5C).

SMC HSGAGs induce the observed inhibition of

B16-F10 cells through the FGF2 pathway. Antibody

treatment did not, however, prevent BAEC HSHAG-

mediated growth inhibition. Additionally. BAEC

HSGAGs were also still able to inhibit B16-F10

proliferation in the presence of PD98059 (p < 0.002).

These findings suggest that BAEC HSGAG mediated

inhibition of B16-F10 cell proliferation occurred

through a different mechanism than by that which

SMC HSGAGs inhibited cell growth.

5.2.7 BAEC HSGAGs affect B16-F10 cells

through 3-integrin

We next sought to understand how BAEC

HSGAGs inhibit B16-F10 proliferation. Treating

B16-F10 cells with 100 ng/ml BAEC HSGAGs

reduced whole cell number by 42.0 10.6% after a

48 hour incubation. The shorter incubation period

and lower dose were used as the smaller magnitude of

effect allowed for treatments that either increased or

decreased the BAEC HSGAG mediated inhibition to

be assessed. Pretreating B16-F10 cells with phorbol

12-myristate 13-acetate (PMA) increased the

magnitude of the BAEC HSGAG mediated growth
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Figure 5.6. BAEC-derived HSGAGs reduce
B16-FIO whole cell number through 1
integrins. A) B16-FI0 cells were treated with
PBS or BAEC-derived HSGAGs as well as
PBS PMA. sodium chlorate, nifedipine or anti-
31 integrin antibodies (1:50). Whole cell
number was determined after 48 hours. The
percent reduction in whole cell number with
BAEC-derived HSGAGs normalized to PBS
treatment with the same media supplement was
determined. Data is presented as the percent
reduction in whole cell number induced by
BAEC' EISGAGs. * denotes p < 0.05 for the
percent reduction in whole cell number induced
by BAEC HIS(AGs for a given media
treatment compared to unsupplemented cells.
B) B16-FIO cells were added to wells
containing PBS or BAEC-derived [ISGAGs as
well as PBS or PMA. The number of unbound
cells was determined at 10, 30, 60, 90, and 120
minutes.

inhibition (Figure 5.6A), yielding a 65.2 ± 5.2% reduction in whole cell number, significantly

greater than BAEC HSGAGs alone (p < 0.05). PMA activates protein kinase C (PKC), which
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accelerates syndecan shedding [129]. Neither sodium chlorate (51.3 3.1% p > 0.26) nor

nifedipine (46.0 + 9.4% p > 0.63) significantly altered the growth inhibitory effect of BAEC

HSGAGs, suggesting that B16-FO1 cell surface HSGAGs and L-type calcium channels were not

necessary for the BAEC HSGAG-mediated effects. Antibodies to 31-integrin, however,

abrogated the growth inhibitory effect. The resultant 10.7 13.5% increase in whole cell

number with 31 integrin antibodieswas not significantly different from untreated cells (p >

0.25), and was significantly different than BAEC HSGAGs alone (p < 0.003).

The increased growth inhibitory potential of BAEC HSGAGs with PMA suggests that

syndecans on the B16-F10 cells themselves may play an important role in the pathway targeted

by BAEC HSGAGs. Both syndecan-l and syndecan-4 cluster with integrins [24]. PKC

activation, which induces syndecan shedding, occurs downstream of P1-integrins. These results

are consistent with BAEC HSGAGs inducing a cellular response through P1 integrins. HSGAGs

do otherwise regulate P1-integrin activity [229], and the interaction between syndecans and 33-

integrin is sufficient to generate a cellular response influenced by 31-integrin [23]. The increase

in response seen with PMA would therefore be due to enhanced PKC activity, mimicking the P31-

integrin pathway, but with a greater downstream response.

In addition to inhibiting proliferation, BAEC HSGAGs also promoted B16-FIO cell

adhesion. When B16-F10 cells were pretreated with PMA. the BAEC HSGAGs did not alter cell

adhesion relative to PBS (Figure 5.6B). PMA, BAEC HSGAGs, and PMA + BAEC HSGAGs

all promoted increased cell adhesion relative to untreated cells, with no difference between any

of the three groups. The influence of P3-integrin was not examined by antibody, as control

antibodies had non-specific effects that altered the ability to cells to adhere to tissue culture

plates. PKC activation, induced by PMA, is necessary for cell spreading [467]. Similar to that

found with B16-FI0 proliferation, PMA induced the affects of BAEC HSGAGs for B16-F10

adhesion. The mechanism by which BAEC HSGAGs influence cell adhesion is therefore likely

the same by which they inhibited proliferation.

To further confirm that BAEC HSGAGs elicit cellular effects through ]3-integrin,

immunohistochemistry was performed on B16-FIO cells for nuclei (4'-6-Diamidino-2-

phenylindole: DAPI). F-actin (phalloidin) and p31 integrin. The distribution of F-actin (red) and

J31-integrin (green) both changed after the administration of BAEC HSGAGs (Figure 5.7). F-
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actin was examined because syndecan-4, associated with [31 integrin, may serve as a link

between the ECM as well as 31-integrin and the actin cytoskeleton. The change in F-actin and

31I-integrin distribution observed after BAEC HSGAG treatment is consistent with the effects

mediated through 31-integrin and syndecans to the actin cytoskeleton. Modulation of I31-integrin,

syndecans, and the actin cytoskeleton are associated with proliferation and adhesion [24, 519].

e.

ri

Figure 5.7. BAEC-derived HSGAGs alter 1 integrin distribution. B16-FIO cells treated with PBS or
BAEC HSGAGs were stained lr F-actin (red). P31 integrin (green) and nuclei using DAPI (blue). The three
leftmost images for each condition are of the same cells.

5.2.8 Cell derived HSGAGs differentially affect B16-F10 tumor growth and

metastasis

BAEC- and SMC-derived HSGAGs utilized distinct cellular pathways to inhibit cell

growth and promote adhesion in B16-F10 cells in vitro. We next sought to determine if the

differential effects of BAEC and SMC HSGAGs were present in vivo. The ability of intact

HSGAGs to influence B16-F10O primary tumor growth was therefore investigated. Mice were

treated with 2 g/kg/day of cell derived HSGAGs. HSGAGs from both BAECs and SMCs

inhibited primary tumor growth (Figure 5.8A). BAEC HSGAGs inhibited tumor growth 55.3 i

13.4% after 14 days, while those from SMCs inhibited growth 29.5 ± 8.8% over the same time
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Figure 5.8. Stromal cell derived HSGAGs regulate
ability of SL'IC HSGAGs to influence tumor proliferation and metastasis. A) Mice were

primary tumor growth could be attributed to treated ith cell surface IISGAGs from SNC's or
BAECs (2 ltgkg/day) or a PBS control (n = 5).

its ability to specifically inhibit B16-FIO Measurement of lung colonization by B16-`110 cells
subsequent to treatment with HSGAGs. B16-FIO cells

growth in vitro through FGF2, its anti- wvere resuspended in PBS or ISGAGs from either
BAECs or SCs. and injected into the tail veins (n = 8).

coagulant activity, or a combination of both * denotes p < 0.05.

factors. BAEC HSGAGs, however, had no

detectable anti-Xa or anti-IIa activity. HSGAGs from BAECs therefore impact primary tumor

growth by directly influencing cell function, potentially through the 13i-integrin-syndecan

pathway identified in vitro.

To investigate the role of cell derived HSGAGs on metastasis, B16-FIO cells were

suspended in solutions containing 2 ptg/ml BAEC- or SMC-derived HSGAGs and injected into

the tail vein of mice. While BAEC HSGAGs did not alter the number of lung nodes after 15

days compared to untreated B16-FlO cells (Figure 5.8B). SMC HSGAGs reduced the number of

nodes > 50% (p < 0.0007). SMC HSGAGs may therefore be potent inhibitors of metastasis.
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The results herein demonstrate that HSGAGs derived from non-cancerous cells influence the

growth and metastatic potential of tumor cells. The fine structure of the HSGAGs, different

based on cell type of origin, defines the mechanism by which the HSGAG can impact tumor

cells. The HSGAGs examined herein specifically affected B16-FIO cells through the FGF2

signaling pathway and through 3P-integrin interactions with syndecans and the actin

cytoskeleton. This study demonstrates that the HSGAG fine structure of specific stromal cells

can differentially impact tumor growth and metastasis in specific and distinct manners.

Stromal cells have important interactions with cancer cells throughout tumor growth and

progression [200]. The normal cellular environment exerts homeostatic control to resist the

development and growth of tumors [386]. The two sets of non-cancerous cell derived HSGAGs

examined in this study inhibited tumor growth. Tumors that survive would therefore be expected

to change the stroma. Cancer cells, for example, change the ECM to promote survival by

releasing the glycoprotein galectin-1 to induce T-cell apoptosis [176]. HSGAGs may normally

maintain a cancer resistant microenvironment until the HSGAG fine structure is altered via

tumor-derived signals to one that allows or even promotes tumor growth. Cell derived HSGAGs

also affected tumor cell adhesion and metastasis. The cell surface HSGAGs of stromal cells may

therefore help to define when a primary tumor becomes metastatic or where metastatic cells in

the blood stream adhere and survive.

Stromal cell HSGAGs are therefore important modulators of tumor cell growth and

progression. The results presented demonstrate that fine structure governs the ability of

HSGAGs from a given stromal cell to impact the tumor cell by defining the cellular mechanisms

that can be modulated. Specific stromal cells may be more permissive or more inhibitory to

primary tumor cell growth, cancer progression, and metastasis. HSGAGs from specific stromal

cells may prove useful as therapies to prevent the growth, progression, and metastasis of tumors

with the potential to develop cancer type- and stage-specific therapies. Future work is necessary

to understand whether tumors change the HSGAG profile of stromal cells to facilitate their

development as well as to appreciate the full therapeutic potential of stromal cell HSGAG.
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5.3 Significance

Several studies have focused on understanding the ability of HSGAGs to influence cancer

growth and progression. The majority of studies have focused on the highly sulfated heparin.

typically used as an anticoagulant. Only recently has evidence emerged that cancer cell surface

HSGAGs may be important in influencing its growth and progression. The importance of

stromal cells surrounding tumors in defining various elements of the lifecycle of a cancer led us

to explore the potential contribution of stromal HSGAGs in regulating cancer. HSGAGs from

BAECs and SMCs, which have been demonstrated to have similar compositions but unique

elements of fine structure, were employed. HSGAGs from BAECs, whether secreted from cells

or derived from the cell surface, potently inhibited murine melanoma B16-F10 cell growth, and

promoted cell adhesion. HSGAGs specifically derived from the surface of SMCs however, only

moderately inhibited B16-FIO proliferation. These findings demonstrated that stromal cell

HSGAGs can influence the activities of cancer cells. As the activities were distinct, subsequent

studies explored the mechanism by which these HSGAGs affected cancer cells. SMC HSGAGs

inhibited FGF2 activity. while BAEC HSGAGs acted through P3-integrin, PKC, and F-actin.

The different fine structures of the two sets of HSGAGs therefore enabled regulation of distinct

cellular pathways. Finally, the ability of these HSGAGs to influence cancer cells was examined

in vivo. BAEC HSGAGs inhibited primary tumor growth but had no effect on metastasis. SMC

HSGAGs only minimally inhibited primary tumor growth and strongly inhibited metastasis.

Stromal HSGAGs can therefore serve as important regulators of cancer growth and progression.

This study provides the first evidence that cell derived HSGAGs from non-cancer cells can play

an important role in defining the cancer phenotype, and demonstrates that these HSGAGs may

have important therapeutic potential.
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5.4 Experimental Procedures

Proteins and reagents. FBS was from Hyclone (Logan, UT). L-glutamine, penicillin, and

streptomycin were obtained from GibcoBRL (Gaithersburg, MD). Minimum essential medium

alpha (MEM), DMEM, RPMI-1640, and PBS were from BioWhittaker (Walkersville, MD).

Recombinant heparinases were expressed as described [30]. Non-transformed BAECs

previously isolated from calf aortas were generously provided by Dr. Elezar Edelman (MIT,

Cambridge, MA).

Cell culture. SMCs were isolated from fresh calf aortas [331] and maintained in DMEM

supplemented with 10% FBS. Cells were used for experiments between passage 2 and passage

6. BAECs were maintained under identical conditions as SMCs except that BAECs were used

between passage 3 and passage 7. B16-F10 cells were maintained in MEM supplemented with

10% FBS, and used for in vivo studies only prior to passage 5. All cells were passaged 2-3 times

a week at confluence. All cells were supplemented with 100 Pg/ml penicillin, 100 U/ml

streptomycin, and 500 plg/ml L-glutamine. Cultures were grown in 75 cm2 flasks at 37"C in a

5% CO, humidified incubator, and passaged 1:10 by dilution three times a week.

Co-culture analysis. SMC, BAEC and B16-F10 cultures were grown until confluent, treated

with 3 ml trypsin-EDTA per 75 cm2 flask for 3-5 minutes until cells detached, pelletted,

resuspended in FBS supplemented MEM, and diluted to 5 x 104 cells/ml based on the reading on

an electronic cell counter. BAECs or SMCs were added with B16-F10 cells to 24-well plates in

a total volume of 1 ml/well such that the BAEC:B16-FO1 or SMC:B16-F10 ratio was initially

0:1, 1:100, 1: 10, 1:4, 1:1, 4: 1, 10: 1, 100: 1 and 1:0. For example, 1:4 is formed by 200 pl BAEC

suspension and 800 PI B 16-F 10 suspension. Equivalent quantities of each cell type were plated

alone, with the remaining volume replaced with media. The plates were incubated for 72 hours

at 37C in a 5% CO, humidified incubator. Subsequently, wells were washed with PBS, treated

with 400 ml trypsin-EDTA per well, incubated for 5 minutes, and whole cell number was

determined using an electronic cell counter.
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Conditioned media treatments. SMC and BAEC cultures were grown until confluent, split :10

in MEM supplemented with 10% FBS in 75 cm2 flasks, and incubated for 24 hours. Cells were

washed and treated with MEM containing 0.1% FBS. The conditioned media was removed after

24 hours. The media was left untreated, boiled for 30 minutes, or digested with hepl and heplll

overnight and subsequently boiled for 30 minutes. Conditioned media was stored at 40C until

use.

B 16-FIO cultures were grown until confluent, trypsin treated, pelletted, resuspended in O1

ml MEM with 10% FBS, and diluted to 5 x 104 cells/mi. Each well of 24-well plates was treated

with 1 ml of cell suspension and incubated for 24 hours, washed, serum-starved for 24 hours, and

supplemented with 1 ml/well SMC- or BAEC-derived conditioned media. B16-F10 cells were

incubated for 72 hours, treated with 400 gl trypsin, and whole cell count was determined with an

electronic cell counter.

Isolation and analysis of cell surface HSGAGs. Intact cell surface glycosaminoglycans (GAGs)

were collected from SMCs and BAECs independently, boiled, and purified by anion-exchange

chromatography and subsequent buffer exchange to water [31]. Samples were digested

overnight with chondroitinase ABC, and buffer exchanged using a 3 kDa molecular weight cut-

off filter to eliminate chondroitin sulfate and dermatan sulfate GAGs. Quantities of total cell-

derived HSGAGs were quantified by Alcian blue assay as described [37] with slight

modifications, and by carbazole assay [31], both after removal of chondroitin sulfate and

dermatan sulfate. Relative composite disaccharide amounts isolated from cell surface HSGAGs

were determined by capillary electrophoresis [30, 33]. Samples were stored at -20°C until use.

B16-FlOprolifration assay. Heparin, HS, SMC HSGAGs, and BAEC HSGAGs at 50 Lg/ml in

PBS, were treated with hepl, hepIll or PBS for 30 minutes and boiled for 30 minutes [30].

Partial digestion was confirmed by UV spectroscopy at 232 nm [31]. B16-F10 cultures were

grown until confluent, trypsin treated, pelletted, resuspended in MEM, and diluted to 5 x 104

cells/mi. Cell suspension was added to 24-well plates, 1 ml/well, incubated 24 hours, serum-

starved for 24 hours, and treated with HSGAGs to yield a final concentration of 500 ng/ml.

Whole cell number was measured as previously described sing an electronic cell counter after
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72 hours for initial experiments with cell derived HSGAGs, and 48 hours for subsequent

experiments to determine the mechanism by which HSGAGs impacted cells.

To further probe the affect of cell derived HSGAGs, cells treated with undigested

HSGAGs and untreated controls were supplemented with FGF2 (10 ng/ml), PMA (100 ng/ml;

Sigma, St. Louis, MO), sodium chlorate (50 mM), nifedipine (50 tM), or anti- 1 -integrin

antibodies (1:100; Santa Cruz Biotechnology, Santa Cruz, CA). Cells treated with FGF2 were

additionally supplemented with anti-FGFRI antibodies (1:100; Santa Cruz Biotechnology, Santa

Cruz, CA), anti-FGF2 antibody (1:100; Santa Cruz Biotechnology), PD98059 (20 ptM; Promega,

Madison, WI) or an equivalent volume of PBS. Whole cell number of HSGAG treated cells was

normalized to cells with the equivalent media supplement.

B16-F10 adhesion assay. Wells of 24-well plates were treated with 500 pI MEM supplemented

with 0.1% FBS. HSGAGs derived from either SMCs or BAECs were added at I g/ml. FGF2

(20 ng/ml), PD98059 (40 [pM), PMA (200 ng/ml), sodium chlorate (100 mM), and nifedipine

(100 pLM) were added as appropriate. B16-F10 cultures were grown until confluent, trypsin

treated, pelletted, resuspended in MEM., and diluted to I x 10' cells/mi. Cell suspension was

added to 24-well plates 500 il/well. After 10, 30, 60, 90 or 120 minutes, 400 pI was removed

from wells, and used to determine whole cell number by electronic cell counter.

Immunohistochemistry. B6-F10 cultures were grown until confluent, trypsin treated, pelletted,

resuspended in MEM supplemented with 10% FBS, and diluted to I x 105 cells/mi. Cell

suspension was added to collagen coated glass cover slips in 12 well plates, I ml/well. Plates

were incubated for 24 hours, serum starved for 24 hours, and treated with PBS or HSGAGs from

either SMCs or BAECs at 500 ng/ml. After 6 hours, cells were washed with PBS and fixed for

10 minutes in 3.7% formalin. Cells were treated with 0.1% triton X-100 for 5 minutes and

preincubated in 1% bovine serum albumin in PBS for 30 minutes. Goat polyclonal antibodies to

[31-integrin (Santa Cruz Biotechnology) were added at a 1:100 dilution and incubated 4 hours.

FITC-labeled chicken -goat secondary antibody (Molecular Probes, Eugene, OR) and Texas-

red labeled phalloidin (Molecular Probes) were added and incubated I hour. DAPI was then

added for 5 minutes at room temperature. Fluorescent optical images were obtained using an
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inverted microscope (Axiovert 200, Zeiss) and acquired with Openlab 3.1.5 software. Images

were processed using Adobe Illustrator 10.0.

Trumor implantation and lung metastasis. Primary tumor implantation and lung metastasis

analysis were performed as described [274]. Briefly. 4 x 105 B16-F10 cells in log growth-phase

were injected subcutaneously in a volume of 100 Kil PBS into the right flank of C57BL/6 mice on

day 1. Osmotic pumps (Alza, Mountain View, CA) were implanted on day 2, and delivered 0.5

pl/hr of cell surface HSGAGs from SMCs or BAECs for 14 days. Additional daily injections of

fragment solutions began on day 5 and continued for the remainder of the experiment. Tumor

volume (mm 3 ) was measured daily starting on day 7 using calipers.

For lung metastasis analysis, 200 pl cell surface HSGAG suspensions containing 2 x 105

tumor cells were injected via tail vein on day 1. Suspensions were produced immediately prior

to injection. Mice were sacrificed on day 14, and the lungs were harvested. The number of lung

nodules on the surface was determined using a dissection microscope.
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Chapter 6. Heparan sulfate and dermatan sulfate

glycosaminoglycans regulate fibroblast growth factor and

vascular endothelial growth factor activity

6.0 Summary

Heparin/heparan sulfate-like glycosaminoglycans have been well characterized in their ability to

regulate the activities of the FGF and vascular endothelial growth factor (VEGF) families. DS

also supports the activities of FGF2 and FGF7. We investigated the capacity of various GAGs to

regulate FGF and VEGF family proteins in rat bladder cancer cells. Heparin, the highly sulfated

DS fraction DT (DS DT), and chondroitin-6-sulfate, promoted FGF7 activity. FGF1, FGF2 and

VEGF activities were affected with similar magnitude and effect by both heparin and DS DT.

Heparin and DS DT, however, differentially regulated FGF7 and VEGF in the same cellular

environment. The differential cellular response was found to stem from ligand-induced

upregulation of VEGF-D and subsequent GAG-mediated modulation of VEGF-D-mediated

cellular response through VEGF receptor (VEGFR) isoform 3. Chemically oversulfated GAGs

can also increase the FGF7-mediated response. These findings demonstrate that fractions of

various GAG families can regulate the activities of several FGF and VEGF family members,

both independently and in a common environment. Selectively developed GAGs offer a novel

approach to select for the activity of growth factor subsets even in a complex pool, as exists in

healing wounds and in the tumor microenvironment.

6.1 Introduction

GAGs are important regulators of biological functions. All GAGs are linear

polysaccharides composed a disaccharide repeat unit that contains uronic acid and a hexosamine,

where the specific nature of each defines the class of GAG [427]. The HSGAGs are the best

studied of the glycosaminoglycans. The five sites of variation in the HSGAG disaccharide allow

Page 92



for enormous structural heterogeneity that enables them to modulate a wide range of important

biological processes including development and tumor progression [38, 427]. HSGAGs interact

with all known members of the FGF family [392]. Other GAGs, such as DS and CS have also

emerged as important regulators of biological processes including FGF-mediated activity [474].

The FGF protein family consists of 23 members. Each FGF interacts with at least one of

five high affinity cell surface tyrosine kinase receptors [119, 445], and with the GAG component

of proteoglycans [1 53, 178, 396]. While HSGAGs interact with all known FGFs, the structural

requirement of a HSGAG to promote a cellular response differs based on the FGF [213, 392,

512]. FGFR isoforms support cellular activity downstream only of specific FGF family

members [348]. HSGAGs interact with both the FGF and the FGFR to provide receptor

selectivity and to regulate the cellular response [6, 213, 354]. FGF7 induces a downstream

response through FGFR2b [124, 348]. The magnitude of cellular response to FGF7 can be

regulated by HSGAGs as well as DS [475, 512]. HSGAGs and DS regulate FGF2-mediated

activity through FGFRlc, while only HSGAGs have been shown to regulate that of FGFI [366,

475].

VEGF is a major regulator of angiogenesis and cell growth [485]. VEGF isoforms show

variable interactions with HSGAGs [400]. VEGF signals through the tyrosine kinases VEGFRI

and VEGFR2, which are predominantly, but not exclusively, found on endothelial cells [201,

400]. VEGF-C' and VEGF-D signal through VEGFR2 and VEGFR3 [2, 209]. VEGFR3 activity

is associated with lymphangiogenesis [249]. VEGF-D, but not VEGF, promotes the lymphatic

spread of tumors [450]. While the dependence of VEGF on HSGAGs has been established

[196], the interactions of VEGF-C and VEGF-D with HSGAGs and other GAGs have not been

determined.

The ability of HSGAGs, DS, and other GAGs to modulate FGFs and VEGFs is important

in several physiological and pathological settings. FGF7 signaling through FGFR2b is important

in wound healing, for example [203]. DS derived from wound fluid promotes FGF7 activity

through its receptor [475]. VEGFR3 is also pregulated during wound healing, where it

promotes angiogenesis downstream of VEGF-C and VEGF-D [357]. FGF, VEGF and various

GAGs have also been implicated in cancer growth and progression [196, 427], promoting not

only angiogenesis, but also primary tumor growth directly, such as in prostate cancer [201, 356].

FGF and VEGE can activate similar pathways to produce a common biological outcome, though
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the activity of one ligand may be dependent on the activity of the other [249, 390].

Understanding the ability of GAGs to differentially interact with various FGFs and VEGFs, both

individually and in the same cellular environment, can shed insight into the role of each of these

components in biologically important settings.

In this study, the regulatory potential of GAGs on FGF- and VEGF-mediated cellular

responses. Using FGF7 as a model growth factor due to its specificity for a single FGFR

isoform, we first examined how various GAGs altered its proliferative effects. We then extended

this analysis to FGFI, FGF2, and VEGF. GAGs induced growth factor-specific proliferative

effects, which led us next to examine if GAGs could regulate or even define the biological effect

with multiple growth factors in the same cellular environment. Heparin and highly sulfated DS

differentially regulated the combination of FGF7 and VEGF. We find that this response stems

primarily from the upregulation of VEGF-D, which itself, is differentially regulated by heparin

and DS DT. These findings demonstrate that GAGs can selectively regulate growth factor

activity and define the net biological response in a pool of growth factors.

6.2 Results

6.2.1 Heparin and DS DT support FGF7-mediated responses

Studies exploring the interactions between GAGs and FGF family members are typically

confined to the binding of heparin and other HSGAGs to FGF, and subsequent downstream

responses. Recent findings have demonstrated, however, that DS can also bind to and modulate

the activities of both FGF2 and FGF7 [366, 475]. We sought to understand the differential

effects of various GAGs on growth factor signaling. The Nara bladder tumor No. 2 (NBT-II)

cell line, previously demonstrated to respond to various FGFs and to express FGFR2b, necessary

for FGF7-mediated proliferation [36, 348, 354], was used. Dose response curves revealed that

FGF7 elicits its maximal effect on cell growth in NBT-II cells at 5 ng/ml. The magnitude of this

effect remains constant through 100 ng/ml. The maximal proliferative effect, however, was not

achieved until 10 ng/ml in the presence of 50 mM sodium chlorate.
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Each of heparin, HS, CS A, CS C, unfractionated DS (UDS), and DS DT were added at

various concentrations to NBT-II cells, along with 10 ng/ml FGF7. The addition of GAG alone

had no effect on whole cell proliferation. In the presence of FGF7, GAGs showed differential

capacities to modulate the FGF7-mediated response (Figure 6.1), both in the presence and

absence of sodium chlorate. Heparin and DS DT were the most potent and efficacious of the

GAGs, promoting 51.2 ± 3.0% and 40.2 ± 4.5% reductions in whole cell number respectively,

and 165.6 2 1.6 % and 145.8 14 .9 % increases in whole cell number respectively in the

presence of chlorate. FGF7 alone induced a 14.1 2.5% reduction and 28.4 + 11.8% increase in

whole cell number untreated with and treated with sodium chlorate respectively.
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Figure 6.1. GAGs differentially promote FGF7-mediated effects. NBI'-II cells were treated xxith E'GF;7
supplemented with GAGs. A) The inhibitory effect was measured b reduction in whole cell number relative to
untreated cells. B) Cells were treated with sodium chlorate. t'he proliferative effect as measured b increase
in whole cell number compared to cells treated with sodium chlorate only.
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6.2.2 Heparin and DS DT modulate FGF1-, FGF2-, and VEGF-mediated

effects

We next examined the modulatory capacity of GAGs on other growth factors. NBT-II

cells have been previously demonstrated to support FGFI, FGF2, and VEGF signaling [36]. RT-

PCR was performed to verify that NBT-II cells expressed receptors to support the responses of

these ligands. Cells clearly expressed FGFR2b, FGFR3b, FGFR4, and VEGFR3 (Figure 6.2A).

Lower levels of VEGFR2 were observed. FGF2 and VEGF reduced whole cell number (Table

6.1), while FGF1 did not induce significant proliferative effects in the absence of GAGs.
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Figure 6.2. GAGs modulate FGFs and VEGFs. A) RT-PCR of NBT-II cells for Act (A), FGFR isoforms lb.
Ic, 2b, 2c. 3b, 3c and 4, and VEGR isoforms 1, 2. and 3. B) NBT-11 cells were treated with 10 ng/ml FGFI or
VEGF with varying concentrations of heparin. Data is presented as percent inhibition of cell growth compared
to ligand alone. C) NBT-I1 cells were treated with 10 ng/ml FGF1 or VEGF with varying concentrations of
UDS. Data is presented as percent inhibition of cell growth compared to ligand alone.
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GAGs modulated the effects of each of the ligands examined. Heparin (Figure 6.2B) and

DS DT (Figure 6.2C), however, had the most striking effects. Heparin only slightly augmented

FGF1- and FGF2-mediated responses, leading to 11.9 4.7% and 7.1 4.9% reductions in

whole cell number at the highest concentration examined relative to FGFI and FGF2

respectively. The addition of DS DT, however, additionally reduced whole cell number 54.0 +

11.7% relative to FGF1, but only 12.2 ± 6.0% relative to FGF2. While VEGF alone lead to a

reduction in whole cell number, the addition of either heparin or DS DT yielded substantial

increta.ses in whole cell number of 122.3 ± 12.1% and 95.1 14.1% respectively. Since VEGF

induces responses through VEGFRI and VEGFR2, but not VEGFR3 [120, 249], and the cells

expressed VEGFR2 and VEGFR3, we next confirmed that the VEGF mediated effects observed

were dependent on VEGFR2. Co-administration of neutralizing anti-VEGFR2 antibodies

prevents both the inhibitory effect of VEGF alone and the proliferative capacity of VEGF

supplemented by heparin or DS DT (p > 0.05).

PBS
FGF1
FGF2
VEGF

PBS
0.0 i 5.6
5.4 ± 8.3
18.3 ± 5.0
19.8 ± 4.5

FGF7
14.1 2.5
18.0 i 2.6
30.4 ± 8.7
30.1 ± 7.0

Table 6.1. Inhibitory effects of growth factors. Column and rox~ heading represent the addition of ligand (at
11) n/mlI or PR NJiimhotrs renretsnt nercent rdtii tion in tx hole ce ll nilmhor + st lnl:lrl dtition

6.2.3 Heparin and DS DT differentially regulate growth factor function

The most pronounced growth modulatory effects induced by GAGs were exhibited with

FGF7 and VEGF. We next explored the cellular response with the co-administration of multiple

ligands. The addition of FGF7 with FGFI, FGF2, or VEGF reduced whole cell number in an

additive manner (Table 6.1). The addition of GAGs, however, substantially changed the

observed response. Heparin with FGFI+FGF7 reduced whole cell number by 25.9 0.6%

compared to the ligands only (Figure 6.3A). Heparin did not alter the effects of FGF2+FGF7.

Heparin with VEGF+FGF7 increased whole cell number 29.5 7.1% compared to only ligands.

The addition of UDS (Figure 6.3B) led to a greater reduction in whole cell number for

FGFl+FGF7, but did not have effects distinct from heparin, for either FGF2-FGF7 or

VEGF+FGF7. DS DT (Figure 6.3C) had a similar effect as UDS on FGFI+FGF7, reducing
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whole cell number 57.2 ± 3.0% relative to the ligand combination, but showed a unique response

with VEGF+FGF7, reducing whole cell number 26.5 10.0% compared to the ligand

combination. Heparin and DS DT at I lag/ml therefore show unique capacities to regulate

VEGF+FGF7 (Figure 6.3D), with heparin promoting proliferation and DS DT inhibiting it.
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Figure 6.3. Heparin and DS DT differentially impact the co-adminstration of FGF7 and VEGF. NBT-II
cells were treated with 10 ng/ml of one of FGF I or VEGF. as well as 10 ng/ml FGF7. Cells were additionally
treated with A) heparin. B) UDS. or C) DS DT over a range of concentrations. The effect of GAG addition was
normalized to the effect of the ligand pair alone. The legend in A applies to A-C. D) Cells were treated with
VEGF and FGF7 and supplemented with either heparin or DS DT. The proliferative effect was normalized to
the effect of VEGF and FGF7 unsupplemented bhy GAGs.

6.2.4 FGF7 and VEGF utilize different signaling cascades

Heparin and DS DT both inhibit proliferation in the presence of FGF7, and support

proliferation in the presence of VEGF. In the presence of both ligands, the two GAGs unveil

distinct effects. We therefore examined the signal cascades activated by the ligands

supplemented with PBS, heparin, and DS DT. VEGF increased phosphorylated Erkl/2 and
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Mekl/2 when treated with heparin or DS DT (Figure 6.4). No changes in Erkl, Erk2, Mekl, or

Mek2 levels were observed for with any ligand-GAG combination tested. Erkl/2

phosphorylation was increased 1.65 ± 0.02-fold with heparin (p < 0.0004) and 2.01 0.36-fold

with DS DT (p < 0.02). Mekl/2 phosphorylation was increased 1.92 ± 0.2 I1-fold with heparin (p

< 0.002) and 2.47 ± 0.25-fold with DS DT (p < 0.0004). When FGF7 was present along with

VEGF and heparin or DS DT, however, the increase in Erkl/2 and Mekl/2 phosphorylation was

abrogated.
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Figure 6.4. VEGF induces proliferation through Erk and Mek. NBT-II cells w-ere treated with FGF7.
VEGI. or FGF7 and VEGF in the presence of PBS. heparin or DS DT. ELISAs were performed for A)
phospho-Erkl/2. and B) phospho-Mekl/2. The change in response was determined in terms of its relative level
compared to untreated cells. * denotes p < 0.05 compared to untreated cells.
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While changes in Erkl/2 and Mekl/2 phosphorylation were consistent with cellular

responses to VEGF in the presence of heparin or DS DT, they did not reflect the changes induced

by FGF7, unsupplemented VEGF, or by VEGF+FGF7. To this end, induction of Aktl/2/3

phosphorylation was examined. Levels of Aktl/2 were not affected by any ligand-GAG

combination. FGF7 in the presence of either heparin (27.8 + 3.8%; p < 0.005) or DS DT (27.4 +

4.6% p < 0.004) reduced phosphorylation of Aktl/2/3 (Ser 473; Figure 6.5A). FGF7 and

VEGF+FGF7 also reduced phosphorylation of Aktl/2/3 (Thr 308; Figure 6.5B) -20% in the

presence of PBS, heparin or DS DT.
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Figure 6.5. FGF7 affects proliferation through Akt. NBT-IT cells were treated with FGF7. VEGF. or FGF7
and VEGF in the presence of PBS, heparin or DS DT. ELISAs were performed for A) phospho-Aktl/2/3 (Ser
473). or B) phospho-Aktl/2/3 (Thr 308). The change in response was determined in terms of its relative level
compared to untreated cells. * denotes p < 0.05 compared to untreated cells.
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6.2.5 Upregulated VEGF-D is responsible for the distinct modulatory

capacities of heparin and DS DT

The changes in Erkl/2, Mekl/2, and Aktl/2/3 phosphorylation were consistent with the

effects of FGF7 or VEGF in the presence of PBS, heparin, or DS DT as observed by whole cell

counts. The results, however, were not sufficient to explain the effects observed with FGF7 and

VEGF together. We next sought to define which receptors were responsible for the differential

effects of heparin and DS DT on FGF7+VEGF. Blocking VEGFR2 with a neutralizing

antibody produced a VEGF+FGF7 response similar to FGF7, consistent with the VEGF response

being dependent on VEGFR2. Correspondingly, blocking FGFR2. through which FGF7 signals

[348]. produced a VEGF+FGF7 response similar to VEGF alone. Blocking VEGFR3 did not

alter either FGF7- or VEGF-mediated responses, but surprisingly eliminated the capacity of

heparin and DS DT to modulate the effects of the ligands when co-administered.

VEGF-C

FGF7 VEGF FGF7+VEGF
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Figure 6.6. FF7 and VEGF upregulate VEGF-C and VEGF-D. NBT-IT cells kkere treated with (A-C)
FGIF7. VI:GL. I GI7 and VLGF or D) fGI2 in the presence of PBS. heparin or 1)S )T. ELISAs xvere
perlorned after .4 hours lor A) VEGF-C. B) VEGF-D. or C) VEGFR3. or D) both VEGF-C and VEGF-D. The
change in response was determined in terms of its relative level compared to untreated cells. * denotes p < 0.05
compared to untreated cells.
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VEGFR3 supports signaling from VEGF-C and VEGF-D [249]. Therefore, we next

investigated the potential source of VEGF-C and/or VEGF-D. The ability of FGF7 and VEGF in

the presence of GAGs to increase levels of VEGF-C and VEGF-D was examined over 24-hours.

VEGF-C levels were increased by VEGF regardless of GAG used, FGF7 in the presence of

heparin or DS DT, and VEGF+FGF7 regardless of the GAG used (Figure 6.6A). VEGF-D

levels were elevated by all combinations of FGF7, VEGF, and GAG (Figure 6.6B).

Interestingly, addition of FGF7, but not
A)

VEGF, caused an increase in VEGFR3 100 Lgand Alone

production (Figure 6.6C). FGF2 did not
50

alter the production of VEGF-C or VEGF-D 4
0 0

(Figure 6.6D), suggesting that the effect is

ligand specific. - -150

The capacity of VEGF-C and VEGF-
-200

D to promote NBT-II proliferation was

subsequently investigated. VEGF alone VEGF VEGF-C VEGF-D

reduced cell number 19.8 + 4.5%, and 30.1 B)

± 7.0% in the presence of FGF7. VEGF-C 60

alone similarly reduced cell number 13.4 i 40

8.7% (p < 0.05 compared to untreated cells), 20_ 20
but only 5.9 4- 5.0% in the presence of FGF7

(p > 0.18 compared to untreated cells).

VEGF-D alone reduced cell number 16.2 -20

10.8% (p < 0.05 compared to untreated 40

VEGF VEGF-C VEGF-D

cells), and 34.5 i 1.5% in the presence of Figure 6.7. Heparin and UDS differentially regulate
FGF7 (p < 0.0004 compared to untreated VEGF-D. NBT-II cells were treated with VEGF. VEGF-

C. and VEGF-D either A) alone or B) with FGF7. Ligands
cells). We then explored whether heparin were supplemented with heparin or DS DT. The

proliferative effect was determined by whole cell count.
and DS DT could modulate VEGF-C and Data was converted to the percent inhibition in total cell

VEGF-D signaling alone and in the number compared to untreated cells.

presence of FGF7. The addition of heparin and DS DT with VEGF-C or VEGF-D reduced

whole cell number more than either ligand alone (Figure 6.7A). The capacity of heparin and DS

DT to modulate VEGFs+FGF7 was subsequently examined. Heparin promoted a similar

Page 102



increase in whole cell number for VEGF+FGF7 and VEGF-D+FGF7 relative to ligands only

(Figure 6.7B). DS DT also promoted a similar reduction in whole cell number for both

VEGF+FGF7 and VEGF-D+FGF7 relative to ligands only.

6.2.6 Oversulfated DS species promote greater cellular mediated responses

The abillity of the oversulfated DS DT to selectively induce an FGF7-like response when

mixed with other growth factors led us to examine the effects of chemically oversulfated GAGs

on FGF7 activity. CS D, CS E, chemically oversulfated DS DT (diDS). and doubly chemically

oversulfated DS DT (ddDS), are CS and DS species with increased degrees of sultfation

compared to other similar GAGs examined [45, 226]. The ability of these species to alter FGF7

cellular mediated responses was examined in comparison to DS DT. When normalized to the

effects of FGF7. 100 ptg/ml DS DT reduced whole cell number 22.7 ± 3.6% (Figure 6.8). CS D

elicited a smaller magnitude of

response at 100 tg/ml (15.0 ± 5.4% p 50 * 

< 0.03). but showed no difference at e 40
o

any other concentration examined. ~ 30

The effects o-)f CS E were not " 20

significantly different than DS DT at

any concentration. The similarities 0
0

between the effects induced by -y L-10 

oversulfated CS species and DS DT
-20 .. . . . .

are notable as while CS A and CS C 1 10 100 1000 10000 100000

GAG Concentration (nglml)

did not support FGF7-mediated effects
Figure 6.8. Chemical oversulfation of DS DT increases FGF7

as efficaciously, as DS DT, the CS activity. N3'1'-I cells were treated with 10 ng/ml l'G'7
supplemented with PBS or (AGs at concentrations ranging

species with increased sulfated between I and 100.000 ng/ml. 'I'he reduction in \shole cell
number observed in the presence of (AGs and FGF7 was

induced a greater magnitude of normalized to that observed with FGF7 alone. * denotes p <

0.05 for ddDS compared to [)S DT)' at the same concentration.
response. Similarly in the presence t denotes p < ()0.05 lbr diDS compared to DS DT at the same

FGF7 diDS reduced whole cell concentration. § denotes p < 0.05 for CS D compared to L)S
DT at the same concentration. GAGs did not otherwise elicit a

number greater than DS DT at 100 significantly different effect than DS DT at the same
concentration.

ng/ml (p < 0.03), 1 pg/ml (p < 0.008),
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and 10 [tg/ml (p < 0.03), but the difference was absence at 100 g/ml. 10 g/ml diDS had a

similar effect (24.8 8.0%), however, to 100 g/ml DS DT, demonstrating an increase in

potency. The addition of a DS species with even higher sulfation, ddDS produced a response

that was significantly greater than the elicited with DS DT at each and every concentration

examined (p < 0.03).

6.3 Discussion

DS and heparin, but not CS, have been previously demonstrated to modulate FGF7

signaling in cells lacking surface GAGs as well as normal keratinocytes [475]. Herein, we first

extended this analysis to pathological cells. NBT-I1 cells express FGFR2b, the receptor for

FGF7 [348], and have cell surface GAGs, as evidenced by the change in cellular response to

FGF7 and various GAGs after sodium chlorate treatment, which abrogates cell surface HSPGs

[448]. While heparin and DS DT promoted maximal cellular mediated responses, species from

each of HSGAGs, CS GAGs, and DS notably regulated FGF7 activity in cancer cells. CS C

importantly and specifically supported substantial FGF7-induced responses, albeit to a lower

degree than either heparin or DS DT. These results demonstrate that specific CS fractions can

therefore support FGF7 activity. The specific role of CS C in promoting FGF7 mediated cell

proliferation, however, is not clear. CS has been demonstrated to upregulate FGF7 production

[419], which could account for the increased cellular-mediated response observed, although

sufficient FGF7 to induce the maximal response in the absence of exogenous GAG was added at

the outset of the experiment. As such, this report provides the first evidence of CS C modulating

FGF7-mediated responses.

Given that specific fractions of all GAG families examined could promote FGF7 activity,

this analysis was extended to other FGFs and the VEGF family. FGFI and FGF2 were chosen

based on the FGFR isoform expression profile of NBT-11 cells, as well as their previously

demonstrated role in defining NBT-II growth and progression [36]. VEGF was used given its

important role in bladder cancer growth [506]. Heparin and DS DT, which promoted equivalent

FGF7-mediated activities that were greater than all other GAGs examined, modulated each of

FGFI, FGF2, FGF7, and VEGF cellular mediated responses. The strong regulatory capacity
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observed with DS DT demonstrates that DS species can in fact impact members of the FGF

family. such as FGF1. Additionally, DS can regulate the activity of VEGF, whose interactions

with DS had previously not been examined. DS may also regulate FGF2 activity through

FGFR3c and/or FGFR4, in addition to FGFRlc, the isoform previously associated with DS-

FGF2 interactions [366] given the observed response in cells lacking FGFRIc.

Heparin and DS DT modulated VEGF-induced responses to promote substantial

proliferation while VEGF alone led to growth inhibition. This finding was unique to VEGF, as

the addition of exogenous GAGs enhanced the inhibitory capacity of the FGFs examined. VEGF

in the presence of GAGs promoted Erkl/2 and Mekl/2 phosphorylation, unlike VEGF alone or

FGF7, consistent with the observed proliferative effects [453]. Heparin is essential for the

activity of certain VEGF isoforms to promote cellular responses [1 13]. The growth inhibitory

effects of FGF;7 and VEGF, however, appear to be Akt-mediated. In addition to merely

modulating ligand activity, heparin and DS DT elicit distinct patterns of cellular response from

multiple ligands. Heparin with VEGF+FGF7 had a proliferative response while DS DT with

VEGF+FGF7 had an inhibitory one. The unique patterns of response suggest that these two

GAGs can be used to initiate specific cellular responses in a complex mix of growth factors, such

as that which exists in the ECM. Altering the GAG composition of the ECM may therefore be a

mechanism that cells use to change biological activities in response to various environmental

cues.

The cellular pathways by which heparin and DS DT elicit distinct cellular responses are

important in order to understand their effects. The cellular activities of VEGF are altered in the

presence of F(GF7. Unlike VEGF supplemented with GAG, Erkl/2 and Mekl/2 were not

phosphorylated in response to VEGF+FGF7. Further, VEGF signaled through VEGFR2. with

neutralizing antibodies eliminating its effect. Though the combined VEGF+FGF7 response was

dependent on VEGFR3, suggesting the involvement of VEGF-C and/or VEGF-D [249]. Each of

FGF7. VEGF, and VEGF+FGF7 promoted VEGF-C and VEGF-D activity in the presence of

GAGs. The cellular response to VEGF-D was additionally modulated by heparin and DS DT in

the same manner as VEGF+FGF7. Therefore, the differential regulation of VEGF+FGF7 by

heparin and DS DT is based on the upregulation of VEGF-D production and subsequent

modulation of its activity, mediated by VEGFR3.
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The distinct cellular responses obtained with heparin and DS DT stem primarily from

differential regulation of VEGF-D. Heparin and DS DT affect VEGF-mediated cellular activity

in a similar manner. Their relative regulatory capacities are, however, distinct between various

VEGFs. Various GAGs may therefore be important physiological and pathological regulators of

VEGF.

The results presented herein demonstrate that specific GAG fractions beyond heparin can

serve a regulatory role for several growth factors. The highly sulfated heparin modulated the

response to all growth factors examined. The highly sulfated dermatan sulfate fraction DS DT

elicited a similar yet novel ability to affect the growth factors examined with comparable

magnitudes but a distinct net effect from heparin. CS additionally promoted FGF7 activity.

Interestingly, increasing the sulfation of CS and DS species supported higher levels of FGF7

activity than corresponding GAGs with lower degrees of sulfation. These findings demonstrate

that the ability of GAGs to regulate FGFs, VEGFs, and mixtures of growth factors, extend well

beyond those of HSGAGs. As heparin and DS can promote selective cellular activities in a

mixture of growth factors, the development of chemically oversulfated species such as ddDS

may further enable controlled growth factor activity and specification of cellular behavior. The

selectivity of highly sulfated DS species for FGF7 activity and the increased magnitude of

response elicited by ddDS suggests that it may be an important new therapeutic for wound

healing especially in the complex environment created by the physiological response to insult.

Identification of highly active GAG fractions for specific growth factors as well as further

understanding the specific interactions of GAG-growth factor sets may prove highly informative

in understanding and developing methods to regulate processes such as wound healing and

cancer growth.

6.4 Significance

The ability of HSGAGs to regulate cellular response to FGFs and VEGFs has been extensively

studied. Recent evidence, however, has demonstrated that other GAGs may also bind to specific

FGFs and influence the downstream response. Specifically, UDS has been found to modulate

FGF2 and FGF7 activity. This study set out to explore the ability of various GAGs to influence
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the cellular response to FGFs and VEGFs. DS DT and heparin supported FGF7 activity more

than other GAGs. DS DT and heparin were subsequently found to influence the cellular

response to each of FGF 1, FGF2, and VEGF, demonstrating that UDS species can regulate each

of these ligands. After demonstrating that DS DT and heparin could regulate the activities of

several growth factors, the ability of these GAGs to affect multiple growth factors in the same

environment was explored. Although DS DT and heparin similarly influence cellular response to

FGF7 and to VEGF, these two GAGs differentially define the cellular response to a combination

of FGF7 and VEGF. The mechanism by which this effect occurred was next explored, and

found to stem from a uniform upregulation of VEGF-D, whose activity through VEGFR3 was

itself differentially regulated by heparin and DS DT. Furthermore, chemically oversulfated

GAGs can increase the FGF7-mediated response. These results demonstrate that the presence of

specific GAGs can define the net cellular outcome in a pool of growth factors. GAGs can be

additionally developed to favor specific responses, which may be of importance in physiological

and pathological settings with an abundance of growth factor families, including wound healing

and cancer progression.

6.5 Experimental Procedures

Proteins and reagents. FBS was from Hyclone (Logan, UT). L-glutamine,

penicillin/streptomycin, PBS, and Trizol reagent were from GibcoBRL (Gaithersberg, MD).

Unfractionated heparin, HS, UDS, and DS DT were from Celsus Laboratories (Cincinnati, OH).

diDS, and ddDS were produced as described [45, 226]. CS A and CS C were from Sigma (St.

Louis, MO). CS D and CS E were from Celsus laboratories. Recombinant FGF I1 was a gift from

Amgen (Thousand Oaks, CA). Recombinant human FGF2 was a gift from Scios

(Mountainview. CA). Recombinant FGF7 and VEGFI64 were from Sigma. Rabbit c-Aktl/2,

rabbit ct-phosplho-Aktl/2/3 (Ser 473), rabbit c-phospho-Aktl/2/3 (Thr 308), rabbit -VEGF,

rabbit c-VEGFC, rabbit ct-VEGF-D, goat ca-VEGFR2/Flk-l, rabbit ou-VEGFR3/Flt-4, rabbit ct-

Erkl, rabbit c-Erk2, goat uo-phospho-Erkl/2 (Thr 202/Tyr 204), rabbit ac-Mekl, rabbit c-Mek2,

goat c-phospho-Mekl/2 (Ser 218/Ser 222), rabbit -goat conjugated to horseradish peroxidase
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(HRP), and goat a-rabbit conjugated to HRP were from Santa Cruz Biotechnology (Santa Cruz,

CA).

Cell culture. NBT-11 cells (American Type Culture Collection, Manassas, VA) were maintained

in minimum essential medium (American Type Culture Collection) supplemented with 1.5

mg/mL sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 100

[tg/ml penicillin, 100 U/ml streptomycin, 500 g/ml L-glutamine and 10% FBS. Cells were

grown in 75 cm2 flasks at 370C in a 5% CO, humidified incubator. Confluent cultures were split

1:5 to 1:10, two times per week.

Proliferation assays. NBT-Il cells were grown until confluence in 75 cm2 flasks. Each flask

was washed with 20 ml PBS and treated with 3 ml trypsin-EDTA at 37"C for -15 minutes until

cells completely detached. Cells were centrifuged for 3 minutes at 195 x g. The supernatant was

aspirated and the cells were resuspended in 10 ml media. Cell density was measured using an

electronic cell counter, and the suspension was diluted to 50,000 cells/mi. The suspension was

plated 1 ml/well into 24-well tissue culture plates. After a 24 hour incubation in a 5% CO2, 37°C

humidified incubator, the media was aspirated, the wells were washed with serum free media,

and the cells were supplemented with media containing 0.1% FBS, and incubated for 24 hours.

Cells were sequentially treated with antibodies, GAGs, and growth factors as appropriate.

Sodium chlorate was added at 50 mM [30]. Antibodies to VEGFR2 or VEGFR3 were added to

yield a final dilution of :100. All GAGs were initially added to over a range of concentrations

from ng/ml to 100 Vtg/ml. Heparin. UDS, and DS DT were subsequently added at I ltg/ml

unless otherwise noted. FGF1, FGF2, FGF7 and VEGF were added at 10 ng/ml unless otherwise

noted. Cells were then incubated for 72 hours. Wells were then washed twice with PBS and

treated with 0.5 ml trypsin-EDTA/well and incubated for 10 minutes at 37°C. Whole cell

number was determined using an electronic cell counter.

RT-PCR. Five pg of total RNA was isolated from NBT-II cells using Trizol reagent (Life Tech,

Rockville, MD) followed by reverse transcription with random hexamers. Specific oligomers

were designed based on the published sequences of FGFR isoforms in order to detect their

expression. Sequences of primer pairs corresponding to distinct FGFR isoforms were as follows:
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FGFRIb: 5'-TGG AGC AAG TGC CTC CTC-3' and 5'-ATA TTA CCA CTT CGA TTG GTC-

3'; FGFRIc: 5'-TGG AGC TGG AAG TGC CTC CTC-3' and 5'-GTG ATG GGA GAG TCC

GAT AGA-3': FGFR2b: 5'-GTC AGC TGG GGT CGT TTC ATC-3' and 5'-CTG GTT GGC

CTG CCC TAT ATA-3'; FGFR2c: 5'-GTC AGC TGG GGT CGT TTC ATC-3' and 5'-GTG

AAA GGA TAT CCC AAT AGA-3'; FGFR3b: 5' GTA GTC CCG GCC TGC GTG CTA-3'

and 5'-GAC CGG TTA CAC AGC CTC GCC-3'; FGFR3c: 5'-GTA GTC CCG GCC TGC

GTG CTA-3' and 5'-TCC TTG CAC AAT GTC ACC TTT-3'; and FGFR4: 5'-CCC TGC CGG

GAT CGT GAC CCG-3' and 5'-TCG AAG CCG CGG CTG CCA AAG-3'. Sequences of

primer pairs corresponding to distinct VEGFR isoforms were as follows: VEGFRI: 5'-CGG

ACA CTC CCG GGA GGT AGT-3' and 5'-CTT CTG TCG AGT AGG GGA-3': VEGFR2: 5'-

TGC GGG CCA GGG ACG GAG AAG-3' and 5'-CTA GTT ACT ACT TTG GAT AGT-3';

and VEGFR3: 5'-CGG GCG CTG CGC TGA ACC GGC-3' and 5'-TCG ACA TGG GGT TCT

TCA GTG-3'. To control for total cell protein, RT-PCR was also performed on 3-actin using the

primers 5'-GCC AGC TCA CCA TGG ATG ATG ATA T-3' and 5'-GCT TGC TGA TCC ACA

TCT GCT GGA A-3'. PCR was performed using the Advantage-GC cDNA kit from Clontech

as per manufacturer's instructions (Palo Alto, CA). Prior to experimental use, primers were

confirmed to detect and have specificity towards given receptor isoforms.

Whole cell ELISA. ELISA was performed using whole cells to quantify relative levels of kinase

activitv. NBT-II cells were grown until confluence in 75 cm2 flasks. Each flask was washed

with 20 ml PBS, and treated with 3 ml trypsin-EDTA at 37"C for 3-5 minutes, until cells

detached. Cells were centrifuged for 3 minutes at 195 x g. The supernatant was aspirated, and

the cells were resuspended in 10 ml media. The cell density was measured using an electronic

cell counter, and the suspension was diluted to 50,000 cells/mi. 100 mm dishes were

supplemented with 10 ml cell suspension per dish. After a 24 hour incubation, the media was

aspirated, the dishes washed with serum free media, and the cells supplemented with media

containing 0.1°, FBS. After a 24 hour incubation, dishes were treated with PBS. 10 lg/ml

heparin. or 10 Ltg/ml DS DT. Subsequently, cells were treated with 10 ng/ml FGF7, 10 ng/ml

VEGF, or both. Cells were incubated for 30 minutes (for Erkl, Erk2, phosphor-Erkl/2, Mekl,

Mek2, phospho-Mekl/2. Aktl/2, and phospho-Aktl/2/3) or 24 hours (for VEGF,VEGF-C, and

VEGF-D). Media was aspirated and cells were homogenized per manufacture instructions.
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Total protein concentration was determined by Bradford assay. An equivalent protein

concentration from cell extract was added to 96-well plates previously incubated for 1 hour with

primary antibodies to Erkl, Erk2, phospho-Erkl/2, Mekl, Mek2, phospho-Mekl/2, Aktl/2,

phospho-Aktl/2, VEGF, VEGF-C, or VEGF-D. The cell extract was incubated on the plates for

1 hour, after which, wells were washed twice, and supplemented with the same primary antibody

(1:100) as was in the well. Wells were incubated I hour, washed twice, and treated with HRP-

conjugated secondary antibody (1:500). Plates were incubated for 30 minutes, washed twice,

and incubated in with TMB One Solution (Promega, Madison, WI). The reaction was quenched

with 3 M sulfuric acid, and the plates were analyzed using a UV plate reader at 450 nm. Data

was quantified by comparing to a standardized curve with varying concentrations of protein from

untreated cells.
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Chapter 7. FGFI is essential for FGF2 and FGF7 regulation

of epithelial monolayer integrity

7.0 Summary

Members of the FGF family have a protective effect in the colonic epithelium, but can

serve to support angiogenesis and promote bowel wall thickening in inflammatory bowel disease

(IBD). While FGFs have been demonstrated to reduce inflammation in cellular and animal

models of IBD., this success has not been recapitulated in humans. Using FGF2 and FGF7 as

model FGFs because of their established role in IBD, as well as the wealth of biochemical

information available for these ligands, we explored how FGFs exert their effects on the colonic

epithelium. Caco-2 and T84 cells predominantly expressed FGFR3b, through which FGF1, but

neither FGF2 nor FGF7, can induce a cellular response. FGF2 and FGF7, however, induced

cellular responses that were dependent on FGFR3b and its downstream signaling. The activities

of FGF2 and FGF7 were associated with increases in paracellular flux and alterations in the

distribution of the tight junction proteins occludin and zona occludens-1 (ZO- ). FGF I, secreted

by both Caco-2 and T84 cells, was necessary for FGF2 and FGF7 activity. The ability of FGF2

and FGF7 to induce cellular response may be enabled by FGFI signaling through FGFR3b,

facilitating syndecan clustering by FGF2 and FGF7. FGFI may serve an essential role in

regulating FGF2 and FGF7 in the colon. FGFI expression by colonic epithelial cells would

enable FGF2 and FGF7 to promote epithelial maintenance and repair, while its downregulation

could lead to the angiogenesis and bowel wall thickening associated with FGF activity within the

lamina propria in IBD.
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7.1 Introduction

The FGF family consists of at least 23 members, all of which bind to the HSGAG

component of HSPGs and to at least one of five high affinity cell surface FGFRs [153, 178, 396,

445]. While FGFs are best known for their role in angiogenesis [310], FGF2, FGF7, FGF 10, and

FGF20, have each been implicated as having a potential role in regulating the severity and

progression of IBD [49, 68, 169, 205]. Angiogenic factors including FGFs and vascular

endothelial growth factor not only determine the susceptibility of the IBD colonic mucosa to

injury but also increase blood vessel formation and bowel wall thickening [25, 91, 216].

FGFs are released by colonic intraepithelial y7 T cells as well as by fibroblasts and

smooth muscle cells of the lamina propria to maintain and repair the colonic epithelium [68, 126,

342]. In addition to their angiogenic functions, FGFs stimulate the proliferation and migration of

intestinal epithelial cells, important for wound healing [132, 187, 459]. FGF2 and FGF7

specifically promote intestinal epithelial cell growth and wound healing [93]. FGF2 can

accelerate gastrointestinal wound healing and resist insults that lead to colonic inflammation

[132, 459]. FGF7 is found in the colonic mucosa of IBD patients and reduces the inflammatory

response [55, 125]. The cellular mediated effects of these ligands, however, have been

associated with FGFR3b, in cells such as Caco-2 cells [215]. FGFI and FGF9 bind and

promotes a downstream response through FGFR3b [66]. FGF2 promotes cellular responses

through FGFRlc, FGFR3c, and FGFR4, while FGF7 exclusively requires FGFR2b [348]. The

mechanism by which FGF2 and FGF7 produce their effects in the colon, however, is not clear.

Although various FGF family members reduce the severity of colitis and promoted

healing in IBD both in vitro and in vivo [300, 525], little therapeutic benefit has been observed in

human studies [415]. Understanding the cellular mechanism by which FGFs can induce their

protective and therapeutic responses in the colon can shed insight into their role in epithelial

repair as well as in bowel wall thickening. Furthermore, mechanisms elucidated in the colon

may provide insight into FGF activity in other physiological or pathological settings. We

therefore investigated how FGF2 and FGF7 promote cellular mediated responses in colonic

epithelial cell lines. These FGFs were employed as they are better characterized biochemically

than other FGFs that have shown a potential therapeutic benefit in IBD [169, 348].
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7.2 Results and Discussion
A)

7.2.1 Caco-2 and T84 cells express

FGFR3b

In order to explore FGF activity on

colonic epithelial cells, we first characterized

the FGFR expression profile. RT-PCR was

performed for FGFRlb, Ic, 2b, 2c, 3b, 3c, and

4. on Caco-2 cells. The primer pairs used to

detect each isoform were demonstrated to

specifically detect that FGFR isoform and not

show cross-reactivity with other isoforms using

BaF3 cells specifically transfected with each

FGFR [30, 311]. Both Caco-2 and T84 cells

expressed FGF'R3b (Figure 7.1A). Caco-2

cells also potentially expressed FGFR4, and

T84 cells expressed FGFRIc. FGFR4,

however, was not expressed by T84 cells and

FGFRlc was not expressed by Caco-2 cells.

The expression of the FGFR3b protein in both

Caco-2 and T84 cells was confirmed by FACS

(Figure 7.1B), as well as by

immunohistochemistry (Figure 7.1C). While

the percentage of positive cells in FACS

analysis did not correlate with the staining

pattern observed with immunohistochemistry,

this result, is likely due to substantial digestion

of cell surface proteins with the long incubation

FGFR

6 _ _ " M M, t

Caco-2 L

T84 LiO

B)

No Antibody
Secondary Only
ca-FGFR3

C)

Caco-2
0.22
12.70
29.32

Caco-2

T84
5.36
12.28
26.74

T84

Figure 7.1. Caco-2 and T84 cells express FGFR3b.
A) RT-PCR on Caco-2 and 184 cells bxas performed
using primers specific to FGFR isoforms (lb. Ic. 2b. 2c.
3b. 3c. and 4) and to -actin (Act). the positive control.
B) FACS kwas performed on Caco-2 and T84 cells. Cells
were stained using a rabbit anti-human primary antibody
to GI:KR3. and a goat anti-rabbit antibody conjugated to
FITC secondary antibod3. Data is presented as the
percentage or' total cclls that exhibited positive
expression. C) Immunohistochemistri for FGFR3 sxas
performed on Caco-2 and 84 cells. Cells were stained
using a rabbit anti-human lGFR3 primary antibody. and
a goat anti-rabbit FIC-conjugated secondarv antibody.
Scale bars are as indicated.

in trypsin required to detach the cells from
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culture flasks. FGFR3b expression was observed nonetheless using both methods. Additionally,

Caco-2 cells have been previously demonstrated to express FGFR3b [215].

7.2.2 FGF2 and FGF7 induce cellular mediated responses in Caco-2 and T84

cells

Both FGF2 and FGF7 promote cellular mediated activity in intestinal epithelial cells,

which has been associated with FGFR3b [93, 215]. The effects of FGF2 and FGF7 were

investigated on intestinal epithelial cells using transepithelial resistance (TER) alterations as an

output. TER is a measure associated in monolayer formation and integrity [98]. Caco-2 and T84

cells form monolayers with epithelial resistance mediated by tight junctions (TJs) [9, 516]. Both

FGF2 and FGF7 significantly reduced TER (Figure 7.2A). FGF2 inhibited TER increases by

67.2 ± 25.8% (p < 0.05) in Caco-2 cells and by 43.4 + 16.6% (p < 0.04) in T84 cells. FGF7

inhibited TER increases by 61.4 ± 17.3% (p < 0.02) in Caco-2 cells and by 54.6 ± 7.6% (p <

0.02) in T84 cells. The capacity of FGF2 and FGF7 to induce cellular mediated responses in

Caco-2 and T84 cells was confirmed by measuring whole cell proliferation (Figure 7.2B). FGF2

increased whole cell number by 20.2 ± 7.4% (p < 0.0003) in Caco-2 cells and by 24.8 ± 8.8% (p

< 5 x 10-5) in T84 cells. FGF7 increased whole cell number by 16.4 ± 8.9% (p < 0.003) in

Caco-2 cells and by 11.4 ± 3.8% (p < 0.006) in T84 cells.

The ability of FGF2 and FGF7 to reduce TER was further examined by observing its

effects over different time scales. FGF2 and FGF7 reduced TER substantially after 24 hours and

48 hours in both Caco-2 cells (Figure 7.2C) and T84 cells (data not shown). With FGF2 and

FGF7 were initially and again after 2 days, and with TER measured initially, at day 2, and at day

5, the ability of FGF2 and FGF7 to reduce TER was evident after both day 2 and day 5 in both

Caco-2 cells (Figure 7.2D) and T84 cells (Figure 7.2E). On day 5, FGF2 and FGF7 reduced

resistance by 43.6 ± 11.1% (p < 0.007) and 44.4 ± 8.7% (p < 0.003) respectively compared to

untreated Caco-2 cells, and 41.7 8.1% (p < 0.007) and 37.3 4. 3.5% (p < 0.0002) respectively

compared to untreated T84 cells. The effect of the two ligands was not significantly distinct in

either Caco-2 cells (p > 0.93) or T84 cells (p > 0.45).
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Figure 7.2. FG F2 and FGF7 induce cellular responses in Caco-2 and T84 cells. A) The ability of F(GF2 and
fGF7 to inhibit 'ER increases was determined three days after the addition of ligand. Data is presented as the
percent reduction in TER compared to PBS treated cells (not shown) oer the same time period. * denotes p <
0.05 for the experimental point compared to the PBS control. B) Caco-2 and 184 cells were plated at 5 x 104
cells/wvell. Cells were treated with PBS. FGF2. FGF7. and whole cell number was determined after three days.
Data is presented as percent reduction in whole cell number controlled to the PBS control (not shown). *
denotes p < 0.05 ftor the experimental point compared to the PBS control. C) Caco-2 monolaycrs xcere treated
w\ith PBS. FGF2 or FGF7. and the reduction in TER 'Aas determined oer 48 hours. Data is presented as the

percent of initial T'ER over time. * denotes p < 0.05 for FG1GF2 compared to the PBS control. t denotes p < 0.05
Ior FGF7 compared to the PBS control. D) Caco-2 and E) T84 monolayers were treated with PBRS. FGF2 or
FG(17 on days 0 and 2. and TER was measured over time. * denotes p < 0.05 for F(GF2 compared to the PBS
control. t dcnot.,,s p < 0.05 lor 1,'GF7 compared to the PBS control.

7.2.3 FGF2 and FGF7 promote epithelial monolayer dysfunction

FGF2 and FGF7 promoted both TER inhibition and whole cell proliferation. The

reduction in TER could therefore be attributed to increases in paracellular flux. To confirm the

observed cellular mediated effects induced by FGF2 and FGF7, paracellular flux was measured
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using a 3 kDa dextran conjugated to FITC (Table 7.1). FGF2 and FGF7 both significant

increased flux in Caco-2 cells compared to PBS treated monolayers (p < 0.003). FGF7 increased

flux significantly more than FGF2 (p < 0.04). Similarly, FGF2 and FGF7 both significant

increased flux in T84 cells (p < 0.03).

PBS FGF2 FGF7

Caco-2 20.28 4.72 47.82 4.64 117.14 + 25.36

T84 7.99 ± 0.22 37.21 10.25 33.39 9.24

Table 7.1. Flux across Caco-2 and T84 monolayers. Monolayers were grown Ior 15
days. 100 ng/ml ligand (F(GF2 or FGF7) or 10 lI PBS was added on days 10 and 12.
Flux was measured by the passage of 3 kDa-dextran conjugated to FITC on day 15. Data
is reported as a function of emission at 530 nm over time. averaged over three
experiments.

The increases in paracellular flux after ligand addition are consistent with TER decreases

associated with cell separation. To confirm this, immunostaining for occludin (Figure 7.3) and

ZO-1 (data not shown), which are both components of TJs, was performed. Application of either

FGF2 or FGF7 induced ruffling of cell membranes in both Caco-2 and T84 cells, consistent with

alterations to TJs.

FGF2 and FGF7 reduce TER, increase paracellular flux, and induce membrane ruffling.

These findings are consistent with disruption of cell-cell contacts, reducing the total monolayer

resistance and integrity [296]. Cell-cell contacts are mediated through apically located TJs and

adjacent adherens junctions (AJs) [117]. Both types of junctions are important in regulating

monolayer integrity, paracellular permeability, cell proliferation, and cell differentiation [165,

295, 513]. TJs and AJs can be broken down, internalized, and reorganized in response to

extracellular cues including proliferative, inflammatory, and pathological stimuli [165, 171,

337]. The reduction of cell-cell contacts observed in response to FGF2 and FGF7 suggests an

alteration in the properties of TJs and AJs. Immunohistochemistry for occludin and ZO-1

confirms that the cellular effects of FGF2 and FG7 involve TJs. TJs, however, can be altered

without effects observed in AJs [181]. This study therefore provides the first demonstration that

FGF family members can alter TJs. The ability of FGFs to affect TJs is consistent with their

capacity to enable proliferation, migration, and cell-cell interactions, all of which are critical not

only in maintaining and restoring the colonic epithelium, but also in angiogenesis.
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Untreated

Caco-2

T84

Figure 7.3. FCF2 and FGF7 induce membrane ruffling in Caco-2 and T84 cells. Caco-2 and T84 cells
stained or occludin xNcrc visualized by fluorescence microscopy. Scale bars represent 10 ltm. Arrows illustrate
regions of membrane ruffling.

7.2.4 FGFR3b is necessary for FGF2 and FGF7 to reduce TER

The cellular mediated effects of FGF2 and FGF7 have been associated with FGFR3b

[215]. Therefore, we next investigated whether FGFR3b was necessary for FGF2 and FGF7 to

reduce TER. Antibodies to FGFR3 prevented both FGF2 and FGF7 from reducing TER in both

Caco-2 cells (Figure 7.4A) and T84 cells (Figure 7.4B). The same antibody was previously

confirmed to inhibit responses through FGFR3b in transfected BaF3 cells (data not shown).

Antibodies to I:GFRI, however, did not prevent FGF2 or FGF7 from reducing TER in either

Caco-2 cells (Figure 7.4C) or T84 cells (Figure 7.4D). The importance of the FGFR3b

receptor was further examined using LY294002 to inhibit phosphoinositol 3-kinase (P13K),

which is downstream of FGFRs [309]. Treatment with LY294002 eliminated the ability of

FGF2 and FGF 7 to reduce TER in Caco-2 cells (Figure 7.4E) and T84 cells (Figure 7.4F).

Inhibition of Mek/Erk with PD98059 and inhibition of p38 with SB203580, failed to eliminate

the ligand mediated inhibition of TER (data not shown). Mek/Erk activity is associated with the

activities of FGF2 via FGFR [2 1, 31].
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7.2.5 FGF1 reduces TER in Caco-2 and T84 cells

While FGFR3b is necessary for FGF2 and FGF7 to reduce TER, neither FGF2 nor FGF7

supports mitogenesis through this receptor [348]. FGF1, however, can support mitogenesis

through FGFR3b [348]. We therefore investigated whether FGF1 could induce a biological

response in Caco-2 cells and T84 cells. FGF1 reduced TER in Caco-2 cells (Figure 7.5A) and

T84 cells over 48 hours similar to FGF2 and FGF7. At 48 hours, FGF1 reduced TER by 45.1 ±

5.2% (p < 0.004) in Caco-2 cells and by 22.7 ± 3.2% (p < 0.0008) in T84 cells. Over three days,

FGFI inhibited increases in TER by 35.1 ± 12.3% (p < 0.006) in Caco-2 cells and by 30.1 ±

1.5% (p < 0.0001) in T84 cells (Figure 7.5B). FGFI also significantly reduced TER after day 0

and day 2 doses on day 5 in both Caco-2 (p < 0.009) and T84 cells (p < 0.006). Boiled FGFI did

not reduce TER (data not shown). FGF1, however, did not induce the proliferation of either

Caco-2 cells (p > 0.68) or T84 cells (p > 0. I 1) over three days (Figure 7.5C).
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7.2.6 FGF1, FGF2, and FGF7 have identical receptor dependence in Caco-2

and T84 cells

We next examined whether FGF I reduced TER through FGFR3b. Antibodies to FGFR3,

but not those to FGFRI, prevented reductions in TER after FGF1 administration (data not

shown). Furthermore, the use of the P13K inhibitor LY294002 eliminated the ability of FGF1 to

reduce TER (data not shown). These results recapitulated those observed with FGF2 and FGF7,

demonstrating that FGF , FGF2, and FGF6 all require FGFR3b to induce a cellular mediated

response.

In addition to the high-affinity cell surface tyrosine kinase receptor, FGF activity is also

influenced by low-affinity HSGAG receptors [153, 348, 396]. Therefore, we examined whether

FGF2 and FGF7 have the same low-affinity receptor requirements to induce a cellular mediated

response as FGFI. Pretreatment of cells with sodium chlorate, which prevents heparan sulfate

biosynthesis [114, 395], was used to investigate the role of cell surface HSGAGs in conferring

reductions in TER. Sodium chlorate treatment eliminated the ability for FGF1 (p > 0.69 for

Caco-2 cells; p > 0.62 for T84 cells), FGF2 (p > 0.34 for Caco-2 cells; p > 0.22 for T84 cells),

and FGF7 (p > 0.28 for Caco-2 cells; p > 0.97 for T84 cells) to reduce TER in Caco-2 cells

(Figure 7.6A) and T84 cells (Figure 7.6B). FGFI, FGF2, and FGF7, therefore, have the same

high-affinity and low-affinity receptor requirements to promote epithelial monolayer

dysfunction.

a) b)
Caco-2 T84

600 2500

500 4;Z 2000 j

D 400 . _
Uo 1500 

n5 300 -
u -.- u 1000 -
'i 200 --- PBS 1000- PBS
0D --- FGF1 : -"- FGF
fL~ 100 ~ - FGF2 - ~ 500 I - FGF2

- - FGF7 -;- FGF7
0 O--------------- ------ 0 

0 1 2 3 4 5 0 1 2 3 4 5

Time (Days) Time (Days)

Figure 7.6. Cell surface HSGAGs are necessary for FGF-mediated changes in TER. TER was measured in
Caco-2 (A) and T84 (B) cells supplemented with 50 mM sodium chlorate. Sodium chlorate was added 24 hours
prior to day 0, on day 0, and on day 2. PBS and FGFs were added on day 0 and on day 2. Data is presented as
resistance (in ohms) averaged over three experiments. * denotes p < 0.05 for FGF1 compared to PBS. t denotes
p < 0.05 for FGF2 compared to PBS. § denotes p < 0.05 for FGF7 compared to PBS.
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The requirement of cell surface HSGAGs for FGFI, FGF2 and FGF7 activity is

consistent with the possibility of syndecans serving an essential role in FGF2 and FGF7 inducing

a cellular response even though in the absence of a cell surface receptor that could support their

activity. Syndecans are a family of HSPGs that interact with ligands, including FGFs, through

their core proteins and HSGAG side chains [81]. Syndecan clustering and associated actin stress

fiber formation reduces monolayer integrity in endothelial cells [98]. The conserved cytoplasmic

domains of syndecans interact with ZO- I and other PSD95/DLG/ZO- I (PDZ) proteins [81, 12 1,

160, 530]. Correspondingly, both FGF2 and FGF7 do alter the distributions of the TJ proteins

occludin and ZO-1 (Figure 3).

7.2.7 FGFI is necessary for FGF2 and FGF7 to induce cellular mediate

responses

Since each of FGFI, FGF2, and FGF7 require the same receptor to induce a cellular

mediated response, but only FGFI can induce mitogenesis through the high-affinity cell surface

receptor FGFR.3b [348], we investigated whether FGFI was essential for other FGFs to promote

a cellular mediated response. Treating cells with ammonium tetrathiomolybdate Tm, which

inhibits the release of endogenous FGFI [252], abrogated the reduction in TER induced by FGF2

(p > 0.31) and by FGF7 (p > 0.12) in Caco-2 cells (Figure 7.7A). The addition of exogenous

FGF1, however, restored the ability of FGF2 and FGF7 to reduce TER in TM treated Caco-2

cells (Figure 7.7B). FGF2 elicited significant reduction in TER with FGFI treatment after 9

hours (p < 0:05), 24 hours (p < 0.03), and 48 hours (p < 0.005). FGF7 elicited significant

reduction in TER after 24 hours (p < 0.004) and 48 hours (p < 0.004).

These results suggest that FGF is necessary for FGF2 and FGF7 to induce a cellular

mediated response. In order for FGF1 to be present for FGF2 and FGF7 to act, it must be

produced by the Caco-2 and T84 cells themselves. We therefore explored whether Caco-2 and

T84 cells expressed FGFI. Expression of FGF1 by Caco-2 cells (Figure 7.7C) and T84 cells

(data not shown) was confirmed by immunohistochemistry. Treating cells with TM alters the

distribution of GFI with Caco-2 cells (Figure 7.7D) and T84 cells (data not shown), retaining

FGF I closer to the nucleus, consistent with TM preventing the release of FGF 1 [252] in Caco-2

and T84 cells.
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The ability of TM to eliminate reductions in TER induced by FGF2 and FGF7 also

extended to T84 cells. TM prevented FGF2 (p > 0.25) and FGF7 (p > 0.23) from reducing TER

in T84 cells (Figure 7.7E). Additionally, FGF I treatment restored TER reductions after 2 days

(p < 0.05 for FGF2; p < 0.04 for FGF7) and 5 days (p < 0.03 for FGF2; p < 0.02 for FGF7) for

both FGF2 and FGF7 (Figure 7.7F).

To validate that extracellular FGF I is essential for FGF2 and FGF7 to reduce TER, cells

were treated with antibodies to FGF1. The treatment of Caco-2 cells and T84 cells with

antibodies to FGF1 also prevented FGF2 (p > 0.13 for Caco-2 cells; p > 0.23 for T84 cells) and

FGF7 (p > 0.08 for Caco-2 cells; p > 0.93 for T84 cells) from reducing TER (data not shown).

In order to further confirm the requirement of FGF1 for FGF2 and FGF7 cellular mediated

responses, the effects of TM on whole cell proliferation were examined. TM eliminated the

proliferative effect of FGF2 and FGF7 in both Caco-2 cells and T84 cells, while the addition of

FGFI again restored the proliferative capacity of these ligands in both cell types.

Eliminating FGFI from the extracellular matrix with TM treatment [252], or neutralizing

its activity prevented FGF2 and FGF7 from eliciting a cellular mediated response. Inhibition of

components of the FGF 1 pathway - the ligand, the receptor, or the downstream signal cascade -

abrogated the ability of FGF2 and FGF7 to induce biological activity. Subsequently restoring

FGFI to the extracellular matrix enabled FGF2 and FGF7 to again impact cell function. FGFI is

therefore necessary and sufficient for FGF2- and FGF7-mediated activity in both Caco-2 and

T84 cells.

Although FGFI-FGFR3b interactions are essential for FGF2 and FGF7 to induce cellular

mediated responses, the mechanism for this activity is not clear. One potential mechanism is

FGF I activity through FGFR3b enabling syndecan clustering by other FGFs. FGF2 can induce

cellular responses independent of FGFRs, through interactions with and internalization by

HSPGs [71, 72]. The dependence of FGF2 and FGF7 on FGFR3b would therefore be for the

requisite FGFI signaling. Syndecans serving an essential role for FGF2 and FGF7 activity is

consistent with the alterations in occludin and ZO-1 distributions [81, 121, 160, 530].

Furthermore, this mechanism is also supported by the ability of FGF2 and FGF7 to induce

proliferation, unlike FGF 1 (data not shown).
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7.2.8 Therapeutic implications

The therapeutic role of FGFs in IBD has been extensively investigated. Each of FGF2,

FGF7, FGF10O, and FGF20 have shown some therapeutic benefit in attenuating the disease [49,

68, 169, 205]. The promising results observed in culture and in animal studies, however, have

not been recapitulated in human studies [300, 415, 525]. This study sought to better understand

the cellular mechanisms by which FGF family members induce cellular responses in the colon in

order to shed insight into why FGFs have not had clinical success in treating IBD.

FGF1 is expressed by the normal intestinal epithelium and overexpressed in many

colorectal adenomas and most colorectal cancers [103]. FGF 1 autocrine signals promote

epithelial cell survival [53]. The release of FGF2 and FGF7 enables protective and reparative

functions by promoting angiogenesis, proliferation, and migration [50, 216]. In the unaffected

colon, FGF2 and FGF7 may maintain and heal the epithelium in an FGFl-dependent manner,

and directly promote an appropriate level of angiogenesis. In IBD, FGF2 levels increase

correlated to the level of disease [49] and FGF7 is significantly elevated [125]. If the levels of

FGF1, which can inhibit inflammation, were to decrease, FGF2 and FGF7 would retain their

angiogenic role but potentially lose their ability to reduce inflammation and maintain the

epithelium. The activity of FGFs in IBD has correspondingly been associated with increasing

colonic angiogenesis as well as transmural wall thickness [91, 216]. FGF1 expression by colonic

epithelial cells may serve as a critical switch, defining whether colonic FGFs inhibit

inflammation or promote angiogenesis. Further work is necessary, however, to investigate the

specific FGFI expression profiles in IBD.

7.3 Significance

The activity of FGFs is typically associated with the dimerization of cell surface tyrosine

kinase receptors. In this study, the activity of FGF2 and FGF7 was found to be dependent on

FGFI, FGFR3b, and cell surface HSGAGs. FGF1 signaling through FGFR3b may enable the

clustering of syndecans by FGF2 and FGF7. Consistent with this hypothesis, TJ protein

distribution is altered by FGF2 and FGF7 signaling in this cell system, demonstrating for the first

time that TJs can be altered by FGFs. This study demonstrates the importance of FGF I for the
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activity of other FGFs with known therapeutic roles in IBD. Furthermore. this study highlights

the potential importance of syndecans in regulating inflammation in pathological settings such as

IBD.

7.4 Experimental Procedures

Proteins and reagents. Recombinant human FGFI was from Amgen (Thousand Oaks, CA).

Recombinant human FGF2 was produced as described [250]. Recombinant human FGF7 was

from Sigma (St. Louis, MO). Mouse recombinant collagen IV was from BD Biosciences

(Bedford, MA). LY294002, PD98059, and SB203580 were from Promega (Madison, WI).

Rabbit polyclonal anti-human FGFI, rabbit polyclonal anti-human FGFRI and rabbit polyclonal

anti-human FGFR3 were from Santa Cruz Biotechnology (Santa Cruz, CA). FITC conjugated

goat anti-rabbit was from Molecular Probes (Eugene, OR). Caco-2 and T84 cells were from

American Type Culture Collection (Manassas, VA). FBS was from Hyclone (Logan, UT).

MEM, DMEM. Ham's F12 medium, McCoy's 5a medium, Hank's buffered saline solution

(HBSS), PBS, RPMI-1640, L-glutamine, and penicillin/streptomycin, sodium pyruvate, HEPES,

sodium bicarbonate. and non-essential amino acid solution were obtained from GibcoBRL

(Gaithersburg, MD). BaF3 cells transfected with various FGFRs were generously provided by

Dr. David Ornitz (Washington University, St. Louis, MO).

Cell ctltre. Caco-2 cells were maintained in MEM supplemented with 10% FBS and 15 mM

HEPES. T84 cells were maintained in a 1:1 mixture of DMEM and F12 medium supplemented

with 5% FBS, 1.2 g/L sodium bicarbonate, 2.5 mM L-glutamine, 15 mM HEPES, and 0.5 mM

sodium pyruvate. All media was additionally supplemented with 100 mg/L penicillin and

100,000 U/L streptomycin. All cells were grown in 175 cm2 flasks at 37'C in a 5% CO,

humidified incubator. Caco-2 cells were passaged twice a week at confluence. T84 cells were

passaged once a week, at confluence.

BaF3 cells transfected with various FGFRs were maintained as independent suspension

cultures in propagation media composed of RPMI- 1640 supplemented with 10% FBS, 100 lg/ml

penicillin. 100 IJ/ml streptomycin, 1.5 mM L-glutamine, and I ng/ml mouse recombinant IL-3.
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Cultures were grown in 75 cm2 flasks at 370 C in a 5% CO, humidified incubator, and were

passaged 1:10 by dilution three times a week.

RT-PCR. Five tg of total RNA was isolated from each of Caco-2 and T84 cells using Trizol

reagent (Life Tech, Rockville, MD) followed by reverse transcription with random hexamers.

Specific oligomers were designed based on published sequences in order to detect the expression

of specific FGFR isoforms. Sequences of primer pairs corresponding to distinct FGFR isoforms

were as follows: FGFRIb: 5'-TGG AGC AAG TGC CTC CTC-3' and 5'-ATA TTA CCA CTT

CGA TTG GTC-3'; FGFRlc: 5'-TGG AGC TGG AAG TGC CTC CTC-3' and 5'-GTG ATG

GGA GAG TCC GAT AGA-3'; FGFR2b: 5'-GTC AGC TGG GGT CGT TTC ATC-3' and 5'-

CTG GTT GGC CTG CCC TAT ATA-3'; FGFR2c: 5'-GTC AGC TGG GGT CGT TTC ATC-

3' and 5'-GTG AAA GGA TAT CCC AAT AGA-3'; FGFR3b: 5 GTA GTC CCG GCC TGC

GTG CTA-3' and 5'-GAC CGG TTA CAC AGC CTC GCC-3'; FGFR3c: 5'-GTA GTC CCG

GCC TGC GTG CTA-3' and 5'-TCC TTG CAC AAT GTC ACC TTT-3'; and FGFR4: 5'-CCC

TGC CGG GAT CGT GAC CCG-3' and 5'-TCG AAG CCG CGG CTG CCA AAG-3'. To

control for total cell protein, RT-PCR was also performed on p-actin using the primers 5'-GCC

AGC TCA CCA TGG ATG ATG ATA T-3' and 5'-GCT TGC TGA TCC ACA TCT GCT GGA

A-3'. PCR was performed using the Advantage-GC cDNA kit from Clontech as per

manufacturer's instructions (Palo Alto, CA). Prior to experimental use, primers were confirmed

to detect and have specificity towards given FGFR isoforms using BaF3 cells transfected with

various FGFRs.

FACS analysis. Caco-2 and were grown just prior to confluence and T84 cells were grown to

confluence. Cells were washed with 20 ml PBS and treated with 3.5 ml trypsin-EDTA per 175

cm2 flask for 20-60 minutes at 37°C, until cells detached. The cells were then resuspended in 6.5

ml medium and pelletted. Cells were resuspended in PBS supplemented with 5% bovine serum

albumin (BSA). Cell suspensions were filtered to remove clumps, and resuspended to a

concentration of 5 x 106 cells/ml based on the readings of an electronic cell counter. Aliquots of

100 tl cell suspension were kept on ice for the duration of the experiment. The primary
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antibody, rabbit anti-human FGFR3, was added to cells at a 1:500 dilution, and incubated for I

hour. After washing with PBS supplemented with BSA, the secondary antibody, goat anti-rabbit

conjugated to FITC was added at a 1:250 dilution and incubated 30 minutes. Cells were washed

with PBS supplemented with BSA, and FACS was performed using a Coulter Epics XL

(Beckman Coulter, Miami, FL). Controls of no antibody, no primary antibody, and no secondary

antibody were additionally performed.

Transepithlelial resistance. Caco-2 cells were grown to just prior to confluence and T84 cells

were grown to confluence. The apical chambers of transwell plates with 6.5 mm diameter and 3

ptm pore size filters were pretreated with 50 itl of 45 ptg/ml collagen IV in 60% ethanol 24 hours

prior to plating. Plates were incubated overnight at room temperature. At confluence, cells were

washed w ith 20 ml PBS and treated with 3.5 ml trypsin-EDTA per 175 cm: flask for 20-60 min

at 37°C, until cells detached. Cells were resuspended in 16.5 ml media appropriate to the cell

type. Each apical chamber was supplemented with 82 pI cell solution. The basolateral chamber

was filled with I ml propagation media. Filters were fed with new media every two days over

the course of experiments.

Caco-2 and T84 cells were allowed to grow on transwells to form monolayers.

Monolayer formation was examined every other day by light microscopy as well as by TER

measurements sing an EVOM ohmmeter (World Precision Instruments, Sarasota, FL). After

monolayer formation, cells were treated with 100 ng/ml FGFI, 100 ng/ml FGF2, 100 ng/ml

FGF7 an equivalent volume (0 l) of PBS. TER measurements were made either after 72 hours

or after each of 30 minutes, I hour, 2 hours, 4 hours, 9 hours, 24 hours, and 48 hours. To

determine the effects of multiple additions of ligand, FGFs or PBS were added initially and again

after 2 days, and TER measurements were made after 0, 2, and 5 days.

To probe the mechanism by which various FGFs induced cell mediated effects, various

media treatments were employed. TM was added 24 hours prior to the addition of ligands to

yield a final concentration of 200 piM, sufficient to prevent the release of FGF I [252]. Similarly,

sodium chlorate, which reduces cell HSPGs and the sulfation of associated HSGAGs, was added

24 hours prior to the addition of ligands to yield a final concentration of 50 mM [98, 448].

Antibodies and kinase inhibitors were added immediately prior to ligands. Antibodies to FGFI,

FGFRI, and FGFR3 were added at a 1:100 dilution. Kinase inhibitors were added to yield final
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concentrations of 50 lpM LY294002, 20 pM PD98059, 1 pIM SB203580. All experiments were

performed in triplicate.

BaF3 proliferation assay. The capacity for FGF2 and FGF7 to promote proliferative responses

was performed as previously described with slight modification [31, 358]. BaF3 cells expressing

FGFRIc or FGFR3c, previously verified by RT-PCR [30], were washed and resuspended to a

density of 2 x 105 cells/ml in IL-3 deficient RPMI-1640. The cell suspension was added to each

well of a 24 well plate, I ml/well. Each well was supplemented with FGF2 or FGF7 between I

and 100 ng/ml. After a three day incubation at 370C, 5% CO,, proliferation was measured with

an electronic cell counter. For antibody inhibition assays, antibodies to FGFR1 as well as those

to FGFR3 were administered at a 1:100 just prior to the addition of ligand. FGFR1 and FGFR3

antibodies were also added to cells in the absence of ligand to ensure a lack of a direct biological

response.

Caco-2 and T84 proliferation assays. Caco-2 cells were grown to just prior to confluence and

T84 cells were grown to confluence. Each flask was washed with 20 ml PBS, and treated with 3

ml trypsin-EDTA at 37°C for 20-60 minutes until cells detached. Cells were centrifuged for 3

minutes at 195 x g. The supernatant was aspirated, and the cells were resuspended in 10 ml

media. The cell density was measured using an electronic cell counter, and the suspension was

diluted to 50,000 cells/mi. The suspension was plated 1 ml/well into 12-well tissue culture

plates. After a 24 hour incubation in a 5% CO,, 37"C humidified incubator, the media was

aspirated, the wells were washed with serum free media, and the cells were supplemented with

media containing 0.1% FBS. The wells were then supplemented with 10 [l PBS, 50 mM sodium

chlorate, or 200 [M TM, and incubated for 24 hours. Subsequently, cells were supplemented

with 100 ng/ml FGF 1, FGF2, FGF7, or 10 il PBS, and incubated for 72 hours. Wells were then

washed twice with PBS and treated with 0.5 ml trypsin-EDTA/well and incubated at 37'C until

cells detached. Whole cell number was determined using an electronic cell counter. Data was

averaged over three experiments, each consisting of four wells per condition.

Monolayer flux. Cells were plated on transwells as described. Media from the basolateral

chamber was removed every other day and replaced with new media. Resistances were followed
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for 10 days, and either 100 ng/ml FGF2, 100 ng/ml FGF7 or 10 1 PBS were added on days 10

and 12. On day 15, media was removed from both the apical and basolateral chambers. The

basolateral chamber was filled with ml HBSS. FITC conjugated to 3 kDa dextran was added to

the apical chamber in a volume of 100 gl, at I mg/ml in HBSS. After 30, 60, and 90 minutes, 50

pl was removed from the basolateral chamber and transferred to a 96 well plate, and 50 ptl HBSS

was added to the basolateral chamber. Subsequently, the flux was determined by measurement

of FITC-conjugated dextran that crossed the monolayer by measurement with a fluorimeter,

stimulating at 480 nm and measuring emission at 530 nm.

Immmnohistochemisty. To determine FGFR and FGF1 expression, Caco-2 cells were grown to

just prior to confluence and T84 cells were grown to confluence on collagen coated glass slides.

Cells were washed with PBS supplemented with 5% BSA. To stain for FGFR3, rabbit anti-

human FGFR3 antibodies were added to cells at a 1:500 dilution, and incubated for hour. Cells

were washed with PBS supplemented with 5% BSA, and FITC-conjugated goat anti-rabbit

antibodies were added and incubated for 30 minutes. Cells were washed with BSA-PBS, and

examined using fluorescence microscopy. For FGFI analysis, cells were treated with 200 ptM

TM or 10 ll PBS for 24 hours, formalin fixed, treated with goat anti-human FGF1 antibodies at a

1:200 dilution, and incubated for 4 hours. Cells were washed with PBS supplemented with 5%

BSA, and Texas red-conjugated donkey anti-goat antibodies were added and incubated for 1

hour. Cells were washed with BSA-PBS, and examined using fluorescence microscopy.

To determine occludin and ZO-1 expression patterns, cells were plated on transwells as

described for TER assays. Media from the basolateral chamber was removed every other day

and replaced with new media. Resistances were measured for 10 days, and either 100 ng/ml

FGF2, 100 ng/rml FGF7 or 10 ll PBS were added on days 10 and 12. On day 15, media was

removed from both the apical and basolateral chambers, and the apical chamber was washed

twice with PBS. One ml of 1% (w/v) paraformaldyhde in cacodylate buffer was added to each

well, the plates were incubated for 10 minutes at room temperature, and the wells were washed

once in PBS. One ml permeabilization media, consisting of 0.2% Triton X-100 and 2% BSA in

PBS, was added to each well. After a 10 minute incubation at room temperature, wells were

washed three times. 20 pl primary antibodies (rabbit polyclonal anti-human or occludin rabbit

polyclonal anti-human ZO-1) diluted 1:20 in 1% goat serum, 0.25% sodium azide in PBS, were
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added to the apical chamber of three wells per antibody per ligand, and plates were incubated 1

hour in a humidified chamber. Wells were washed in PBS for 10 minutes at room temperature,

and 20 pI goat anti-rabbit Texas red diluted 1:200 in 1% goat serum, 0.25% sodium azide in PBS

was added to each well. After a 30 minute incubation in a dark, humidified chamber, wells were

washed three times in PBS. Membranes were carefully removed from transwells and placed on

coverslips. 10 pll polyvinyl alcohol was added to each membrane, and the membranes were

covered. Staining was then visualized by fluorescence microscopy. Controls of no antibody,

primary antibody only, and secondary antibody only were performed. A Nikon HB1OIOlAF

fluorescence microscope was used and images were captured at room temperature using a

Hitachi HVC20 camera and Scion image acquisition software. Images were processed using

Adobe Photoshop 7.0 and Adobe Illustrator 10.0.

Statistical analysis. Results are expressed as mean ± standard deviation. The Student's t test

was used for statistical analysis. A P value of < 0.05 was considered statistically significant.
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Chapter 8. Syndecan-1 is protective in inflammatory bowel

disease

8.0 Summary

Various members of the FGF family have been demonstrated to have protective effects in

cellular and animals models of IBD. The FGFR3b isoform is a predominant FGFR in the

colonic epithelium. Although FGFR3b does not support the activity of FGF2 and FGF7, they do

promote intestinal maintenance and repair. Previous work has demonstrated that the activities of

FGF2 and FGF7 are dependent on the activity of FGFI. This study served to identify the

mechanism by which FGF I enabled FGF2 and FGF7 to promote a cellular response. FGFI was

found to induce the localization of syndecan-1, which co-localized with lipid rafts, to the

nucleus. W'nt signaling was also affected by FGF2 and FGF7, consistent with a syndecan-l-

dependent mechanism. These results not only identify syndecan- as a critical factor in enabling

FGF2 and FGF7 activity, but also suggest that it may have a protective effect in IBD.

Correspondingly, wild-type mice resist acute colitis much more effectively than sydecan-l

knock-out mice. Syndecan-l is therefore an important protective factor in IBD.

8.1 Introduction

IBD is hypothesized to derive from an inappropriate and continuous activation of the

mucosal immune system. The response may stem from defects in one or both of the intestinal

epithelium and the mucosal immune system [380]. Failure to maintain epithelial integrity, either

as a primary epithelial defect or secondary to inflammation, can lead to increased antigen uptake

and the associated colitis phenotype [145, 177]. Epithelial repair is therefore essential in the

resolution of colonic inflammation and therapy for IBD [169].

Release of FGF family members by colonic intraepithelial y6 T cells helps to maintain

and repair the colonic epithelium [68, 342]. The FGF family consists of at least 23 members all

of which bind to the HSGAG component of HSPGs and to at least one of five high affinity cell
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surface FGFRs [153, 178, 396, 445]. HSGAGs serve an important role in facilitating FGF and

FGFR dimerization [402, 449]. Cell surface HSPGs, such as syndecans, are also essential

modulators of physiological and pathological processes [5, 98, 262, 360]. Syndecans can

regulate actin stress fiber formation [98], PDZ protein activity [81, 121, 160, 530], and Wnt-l

signaling [5]. Syndecan-1 expression is also regulated by inflammatory cytokines in IBD [88].

Various FGFs, including FGF2, FGF7, FGFIO, and FGF20, regulate the severity and

progression of IBD [49, 68, 169, 205]. While FGF2 and FGF7 promote intestinal epithelial cell

growth and wound healing [93], the effects of these ligands have been associated with FGFR3b

[215], which supports responses from FGFI but neither FGF2 nor FGF7 [66, 348]. Previous

work examined how FGF2 and FGF7 could induce a response in cell systems expressing

FGFR3b, and revealed that FGFI, produced by the cells themselves, was necessary for their

activity [Chapter 7]. This study examined the mechanism by which FGF2 and FGF7 induced a

cellular mediated response. Syndecans, because of their ability of affect cell-cell contacts, their

regulation by inflammatory cytokines, and their ability to shuttle FGFs to the nucleus [183], offer

a potential route for FGF2 and FGF7 activity.
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Figure 8.1. FGFs reduce TER in Caco-2 monolayers. Caco-2 cell monolayers were treated with PBS. FGF I.
FGF2. or FGF7. and TER was measured over 48 hours. * denotes p < 0.05 for FGFI treated cells compared to
PBS treated cells. t; denotes p < 0.05 for FGF2 treated cells compared to PBS treated cells. § denotes p < 0.05
for FGF7 treated cells compared to PBS treated cells.
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8.2 Results and Discussion

8.2.1 FGF1 is necessary for FGF2 and FGF7 to reduce TER in Caco-2 cells

In order to explore how FGFI enabled FGF2 and FGF7 activity in Caco-2 cells, the

ability of each of the ligands to affect TER was first reproduced. Each of FGF1, FGF2, and

FGF7 significantly reduced TER (Figure 8.1). Reductions in TER were evident 2 hours after

FGFI treatment (p < 0.03), and 4 hours after FGF2 or FGF7 treatments (p < 0.05). Significant

reductions were evident at all subsequent time points examined (p < 0.04). The magnitude of

TER reduction elicited by FGFI, FGF2, and FGF7, however, was not significantly different (p >

0.20). Each of FGFI, FGF2, and FGF7 could therefore reduce TER. consistent with previous

findings [Chapter 7].
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Figure 8.2. FC;FI is necessary for FGF2 and FGF7 reductions in TER. Caco-2 cell monolayers were
pretreated kNith 'INI. A) Cells were treated sith PBS. FGF 1. fIGIF2. or FlGF7. and IER was measured for 48
hours. * denotes p < 0.05 for FGFI treated cells compared to PBS treated cells. B) Cells were treated with
I:'GF alone either lFGF2 or FGF7. Control cells wecre treated with TM. but not lGE I. E'R was measured over
48 hours. denotes p < 0.05 for FGF2 treated cells compared to PBS treated cells. § denotes p < 0.05 lbr FGF7
treated cells compared to PBS treated cells.

TM was subsequently used to confirm the requirement of FGFI for FGF2 and FGF7 to

reduce TER. Treating cells with TM, which inhibits the release of endogenous FGFI [252],

abrogated the reduction in TER induced by FGF2 (p > 0.13) and by FGF7 (p > 0.17) at all time

points (Figure 8.2A). FGF1, however, still elicited significant reductions in TER with TM
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treatment at all time points beginning at 4 hours (p < 0.05). The addition of exogenous FGFI,

however, restored the ability of FGF2 and FGF7 to reduce TER in TM treated Caco-2 cells

(Figure 8.2B). FGF2 and FGF7 both significantly reduced TER after 24 hours (p < 0.04) and 48

hours (p < 0.04). Since supplementing TM-treated cells with FGF1 cells reduces TER, the

effects of FGF2 and FGF7 in the presence of TM and FGF 1 were compared to TM-treated cells.

These results confirm previous findings that FGF1 is necessary for FGF2 and FGF7 to reduce

TER in Caco-2 cells.

8.2.2 Cell surface HSPGs are necessary for FGF2 and FGF7 to reduce TER

FGF-induced TER reductions were demonstrated to result from increased paracellular

flux and reduce cell-cell contacts [Chapter 7]. To examine the effects of FGFs on cell-cell

interactions over time, immunostaining for the TJ protein ZO-1 was performed (Figure 8.3).

FGF2 and FGF7 induced notable membrane ruffling at hour, 4 hours, 24 hours, and 48 hours,

confirming that the reductions in TER over time are associated with disruption of cell-cell

contacts.

Cell-cell contacts are formed by both apical TJs and adjacent AJs [117]. While both TJs

and AJs are important in regulating monolayer integrity, TJs interact with cell surface HSPGs.

Specifically, ZO-1 and other PDZ proteins interact with the conserved cytoplasmic domains of

syndecans, a family of HSPGs [81, 121, 160, 530]. As the HSGAG component of HSPGs

interacts with FGFs, cell surface syndecans could offer a potential mechanism by which FGFs

affect TJs and therefore TER.

The ability of FGF2 and FGF7 to promote actin stress fiber formation was additionally

investigated. Both FGF2 and FGF7 induced actin stress fiber formation (Figure 8.3).

Monolayer integrity can be reduced by syndecan clustering and associated actin stress fiber

formation [98]. The ability of FGF2 and FGF7 to reduce TER, alter TJ proteins such as ZO-I,

and induce stress fiber formation is consistent with a syndecan-mediated mechanism.
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Figure 8.3. FGF2 and FGF7 affect ZO-1 as well as actin stress fiber formation. Caco-2 cell monolavers
m~ere treated with PBS. FGF2. or FGF7. Tmmunohistochemistry kkas performed for 70-1 (green) and f-actin
(red). Images were captured by confocal microscopy. Scale bars are as indicated.

Cell surface HSPGs, including syndecans, are protein-HSGAG conjugates [427]. To

investigate the importance the role of the HSGAG component of cell surface HSPGs in

mediating TER reductions, cells were pretreated with sodium chlorate, which prevents heparan

sulfate biosynthesis [114, 395]. Sodium chlorate treatment abrogated the ability of FGFI (p >

0.49). FGF2 (p > 0.38), and FGF7 (p > 0.16) to reduce TER compared to PBS treatment (Figure

8.4A). With the addition of heparin (Figure 8.4B), FGF1 reduced TER compared to PBS at 9

hours (p < 0.003) and at 24 hours (p < 0.004). The ability of FGF2 (p > 0.08) and FGF7 (p >

0.16) to reduce TER, however, was not restored with heparin. While HSGAGs are necessary for

each of FGF I, FGF2, and FGF7 to reduce TER, the requirements for FGFI differ from those of

FGF2 and FGF:7. HSGAGs free in the ECM are not sufficient for FGF2 and FGF7 to reduce

TER, but are fbr FGF1. These findings suggest that the HSGAG component of cell surface

HSPGs. however, is necessary for FGF2 and FGF7 to reduce TER.
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Figure 8.4. Cell surface HSGAGs are necessary for FGF2 and FGF7 reductions in TER. Caco-2 cell
monolayers were pretreated with sodium chlorate. A) Cells were treated with PBS, FG(F1. FGF2, or FGF7, and
TER was measured over 48 hours. B) Cells were treated with heparin as well as PBS. FGFI. FGF2. or FGF7.
and TER was measured over 48 hours. * denotes p < 0.05 for FGF I treated cells compared to PBS treated cells.

To verify the importance of cell surface HSPGs, Caco-2 cells were treated with PMA,

which activates PKC, and as a result, accelerates the shedding of syndecan-1 and syndecan-4

[128]. After PMA treatment (Figure 8.5), FGFI reduced TER after 9 hours (p < 0.03), 24 hours

(p < 0.008), and 48 hours (p < 0.02). Neither FGF2 (p > 0.07) nor FGF7 (p > 0.35), however,

reduced TER in PMA treated Caco-2 cells at any time point. Loss of cell surface syndecan-1 and

syndecan-4 by PMA-induced shedding therefore prevents FGF2 and FGF7 activity, but not that

of FGF 1.
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Figure 8.5. Cell surface HSPGs are necessary for FGF2 and FGF7 reductions in TER. Caco-2 cell
monolayvers were pretreated with PMA, and subsequently. PBS. FGF1. FGF2. or FGF7 was added. TER was
measured over 48 hours. * denotes p < 0.05 for FGFI treated cells compared to PBS treated cells.
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These results demonstrate that cell surface HSPGs are necessary for FGF2 and FGF7 to

reduce TER. The HSGAG component of the HSPG is necessary likely to mediate ligand binding

[396]. The ability of FGF2 and FGF7 to induce membrane ruffling and promote actin stress

fibers formation confirms the importance of the protein component of the HSPG as the

cytoplasmic domains of syndecans interact with ZO-1 and other PDZ proteins [81, 121, 160,

5301. The effects on ZO- I and TJs additionally suggest that the involved HSPGs are most likely

syndecans. Syndecan-1 and syndecan-4 clustering promotes actin stress fiber formation [98].

Furthermore, PMA promotes syndecan-1 and syndecan-4 shedding [128], preventing FGF2- and

FGF7-mediated reductions in TER. Taken together, the necessary HSPG for FGF2 and FGF7 to

red uce TER is likely either syndecan-l or syndecan-4.

8.2.3 FGF2 and FGF7 alter syndecan-1 localization

The effects of FGFI, FGF2, and FGF7 on syndecan- distribution were next examined.

One hour after FGF2 and FGF7 treatment, syndecan-I was primarily localized around the

nucleus (Figure 8.6A). This finding was seen substantially less with FGF1 treatment and was

absent after PBS treatment. After 24 hours, FGF2 and FGF7 treated cells reveal a moderately

enhanced cytoplasmic and membrane-associated distribution of syndecan-I than FGFI treated

cells. Glypican-l, another HSPG, was not affected by FGFI, FGF2. or FGF7 (data not shown).

The nuclear localization of syndecan-I is of particular note as HSPGs have been hypothesized to

serve as a shuttle to transport heparin-binding growth factors, specifically including FGF2, to the

nucleus [183]. As a result, transport of syndecan-I with bound growth factors could serve as a

mechanism by which Caco-2 cells could respond to FGF2 and FGF7 even though the cell surface

tvrosine kinase receptors expressed cannot support a response from these ligands [348].

While svndecan-l may enable FGF2 and FGF7 to induce a cellular response, FGFI is

necessary for F'GF2 and FGF7 to reduce TER. One potential explanation is that FGFI may

activate processes that allow syndecan-l to serve its role facilitating FGF2 and FGF7 activity.

HSPGs can be localized within lipid rafts, creating high local concentrations of binding sites for

heparin-binding growth factors such as FGF2, promoting ligand association and inhibiting

dissociation [71]. We therefore investigated the localization of caveolin-l, a marker for lipid

rafts [473], after FGFI treatment. PBS did not induce the nuclear localization of syndecan-l or

caveolin-l (Figure 8.6B). Four hours after administration of FGFI, however, caveolin-I was
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localized surrounding the nucleus. Furthermore, caveolin-1 and syndecan-1 did co-localize near

the nucleus.
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Figure 8.6. FGFs alter syndecan-I localization. A) Caco-2 cell monolayers were treated with PBS. FGFI.
FGF2. or FGF7 for I or 24 hours. Immunohistochemistry wvas performed for syndecan-l (green) and DAPI
(blue). Images were captured by fluorescence microscopy. Scale bars are as indicated. B) Caco-2 cell
monolavers were treated with PBS (left) or -GF I (middle and right) for 4 hours. and images were captured by
fluorescence microscopy. mmunohistochemistrv was performed for syndecan-l (green). caveolin-l (red) and
DAPI (blue). The left image shows an overlay of staining for syndecan-1. caveolin-1 and DAPI after PBS
treatment. The middle panel represents staining for caveolin-l and DAPI after FGF treatment. The right image
shows an overlay of staining for syndecan-1. caveolin-l and DAPI after FGFI treatment. Scale bars are as
indicated. C) Caco-2 monolayers were treated with FGI for 24 hours. and immunohistochemistry was
performed for FLAER (green), syndecan-l (red) and DAPI (blue). Images were captured by fluorescence
microscopy. Scale bars are as indicated.

To confirm the ability of FGFI to promote syndecan-l association with lipid rafts,

immunohistochemistry was performed for syndecan-I and glycosylphosphatidylinositol (GPI)-

anchored proteins. FLAER, an Alexa-488 conjugated inactive variant of the protein

proaerolysin, detects GPI-anchored proteins [52, 469]. Syndecan-1 and GPI-anchored proteins
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were found to exhibit co-localization at the membrane and within the cytoplasm (Figure 8.6C).

The co-localization of syndecan-1 and GPI-anchored proteins is consistent with syndecan-l in

the cytoplasm originating from regions rich in lipid rafts [470].

The data presented reveals that FGF2 and FGF7 activity is associated with syndecan-l

translocation to the nucleus. Syndecan-1 may enable FGF2 and FGF7 reductions in TER by

binding the ligands and shuttling them to the nucleus [183], serving to bypass the cell surface

FGFRs that do not support their activity [348]. The ability of syndecan-l to translocate FGF2

and FGF7 may be promoted by FGFI. FGFI promotes the localization of lipid rafts to the

nucleus. and syndecan-I co-localizes with these lipid rafts. As such, FGFl activity may cause

syndecan-I to move to the nucleus by causing lipid rafts to translocate them. FGF2 and FGF7,

prior to this activity, could be bound by the HSGAG component of syndecan-l. and with FGF I

activity. they would be specifically induced to be brought to the nucleus, where they could

initiate signaling.

8.2.4 FGF2 and FGF7 alter Wnt signaling
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Figure 8.7. Wnt signaling is necessary for FGF2 and FGF7 reductions in TER. A) Caco-2 cell monolayers
xvcre treated kkith anti-Izl antibodies. as well as PBS. GFI. GF'2 or GF7. I'ER was measured ox r 48 hours.
B I RT-PCR swas performed on Caco- cells after treatment with PBS. FGF I. FGF2 or FGF7.

'Syndecan-I is known to modulate Wnt signaling [5]. Should syndecan-l serve as a

critical factor by which FGF1 enables FGF2 and FGF7 to elicit cellular mediated responses in

Caco-2 cells. Wnt signaling would also likely be affected. Wnt signaling is initiated by the Wnt

ligand binding to Frizzled (Fz) protein receptors as well as lipoprotein receptor-related proteins

[329]. Initiation of the Wnt cascade results in the cytoplasmic accumulation of J3-catenin, which
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binds to a protein complex including T cell factor/lymphoid enhancer factor (TCF/LEF)

transcription factors and induces gene expression [56, 329]. To promote cellular responses, Wnt

inhibits glycogen synthase-33, thereby stabilizing 3-catenin and causing its cytoplasmic

localization from being sequestered by proteins including E-cadherin [329]. Slug/Snail family

proteins, induced by signaling by a variety of growth factors including FGFs, inhibit E-cadherin

transcription [73]. Their activity can

accumulation of cytoplasmic p-catenin [73,

To investigate the potential

involvement of the Wnt pathway, Caco-

2 cells were supplemented with anti-Fz

antibodies. Treating Caco-2 cells with

anti-Fz antibodies prevented FGF1 (p >

0.26), FGF2 (p > 0.51), and FGF7 (p >

0.16), from reducing TER (Figure

8.7A). RT-PCR was performed to

confirm the expression of members of

the Wnt-signaling cascade. Specifically, R

reduce cell-cell adhesion concomitantly with the

329].

Wntl
Wnt3
Fzl
Fz2
Sdc-1

1.0

1.0

1.0

1.0

1.0

2.2

1.3

1.5

0.7

1.3

2.7

1.3

1.1

1.7

0.9

5.1

1.2

2.4

1.6

0.6

Table 8.1. FGFs increase Wntl expression. Intensity of RT-
PCR images was quantified using NIf[ ImageJ. Data was
normalized to the intensity' of expression after PBS treatment,
which was detined as 1.0.

[T-PCR demonstrated the expression of Wntl, Wnt3,

Fzl, Fz2, and syndecan-l (the protein produce by the Sdc-l gene; Figure 8.7B). No expression

of Wnt2, Wnt3A, or FzlO was detected by RT-PCR (data not shown). The expression of Fzl

was further confirmed by immunohistochemistry (data not shown). Of note, the RT-PCR data

suggested that Wntl expression was increased with FGFs. Band intensity was therefore

quantified using NIH mageJ. FGFI, FGF2, and FGF7 all increased Wntl expression (Table 1).

FGF2 and FGF7 also both increased Fz2 expression, while only FGF7 increased and Fzl

expression.

E-cadherin, associated with Wnt activities, is the prototypical and best characterized AJ

protein [369]. We next investigated whether E-cadherin distribution was affected by FGFs.

FGF2 and FGF7 altered E-cadherin localization after 1 hour (Figure 8.8A), while PBS and

FGF 1 did not. After 24 hours, E-cadherin exhibited exhibit notably more cytoplasmic

localization with FGF2 and FGF7 treatments than at I hour, and more than PBS and FGF1

treatment at 24 hours. FGF2 and FGF7 therefore affect AJs, suggesting that when these ligands
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are brought to the nucleus, they may activate distinct processes from FGF. Furthermore, the

Wnt pathway may be affected by FGF2 and FGF7.
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Figure 8.8. FGFs affect the Wnt signaling cascade. Caco-2 cell monolayers were treated with PBS. F( :I,
(JGI 2. or GFl7 lo'r I or 24 hours. A) mmunohistochemistro* was performed for L-cadherin (green) and DAPI

(blue). Images ere captured b fluorescence microscopiy. Scale bars are as indicated. B)
Immunohistochernistrn was performed for -catenin (red) and DAPI (blue). Images were captured by
fluorescence microscopy. Scale bars are as indicated. C) Immunohistochemistrx was performed for E-cadherin
(green), phospho-.--catenin (red) and DAPI (blue). Images were captured by fluorescence microscopy. Scale
bars are as indicated.

To further probe the involvement of Wnt signaling, the effects of PBS, FGF 1, FGF2, and

FGF7 on 3-catenin localization were examined. After 24 hours, FGF2 and FGF7 induced
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markedly increased cytoplasmic P3-catenin compared to PBS treatment, which clustered around

the nucleus (Figure 8.8B). FGF 1 treatment yielded potentially reduced levels of cytoplasmic 13-

catenin compared to PBS treatment. Phosphorylated P3-catenin also clustered around the nucleus

after Caco-2 cells were treated with FGF2 and FGF7 (Figure 8.8C), which was not observed

with PBS or FGF1 (data not shown). Of note, much of the detected phosphorylated 3-catenin

appeared in distinct locations from E-cadherin, consistent with p-catenin being sequestered to the

cytoplasm from E-cadherins. Furthermore, FGF2 and FGF7 increased TCF/LEF activity

compared to PBS and FGF 1 (data not shown). Taken together, these results suggest that FGF2

and FGF7 activity is associated with Wnt signaling, which supports the involvement of

syndecan-l in enabling FGF2 and FGF7 to promote cellular responses. Although syndecan-4

was not specifically investigated, Wnt signaling is associated with syndecan-1 [5], suggesting

that this HSPG is the more likely factor. Nonetheless, syndecan-4 may also facilitate FGF2 and

FGF7 activity.

8.2.5 Syndecan-1 is protective in IBD

The data presented suggests that syndecan-1 enables FGF2 and FGF7 to reduce TER in

Caco-2 cells even though they do not express the corresponding cell surface FGFRs. FGFl uses

a distinct pathway, most likely via FGFR3b, which is expressed by Caco2 cells [215], and which

supports FGFI activity [348]. Given that FGF2 and FGF7 promote intestinal epithelial cell

growth, wound healing, and reduce the inflammation associated with IBD [55, 93, 459], as well

as the importance of syndecan-I to promote the activities of these growth factors in Caco-2 cells,

we next examined whether syndecan-l had a protective effect in IBD. Wild-type and Sdc-1 (the

gene for syndecan-l) knock-out mice were administered drinking water with 10% dextran

sodium sulfate (DSS) to induce an acute colitis. The DSS model promotes an acute disease that

substantially affects survival. Sdc-1 knock-out mice, whose survival was not different from

wild-type mice in an unmodified environment (data not shown), were notably more susceptible

to DSS than wild-type mice (Figure 8.9A). In Sdc-l knock-out mice, all mice had died by 7

days of ingesting DSS-water, while 40% of the wild-type mice survived for 8 days. The

surviving mice exhibited no significant weight change over the course of the experiment or

significant weight difference between the groups at any time point (Figure 8.9B). Syndecan-l

therefore appears to have a protective effect in acute IBD.
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The data presented demonstrated that syndecan-l is a specific cell surface HSPG that has

a pivotal role in IBD. Syndecan-l can enable the activity of FGFs in the absence of cognate cell

surface FGFRs, likely by promoting ligand translocation to the nucleus [183]. Furthermore, the

action of syndecan-l is associated with alterations in cell-cell contacts through both TJs and AJs,

which are important in processes essential for maintaining and healing the epithelial [165, 295,

513]. These activities, as well as effects on Wnt signaling, associated with syndecan-l [5]

present potential mechanisms by which this HSPG may induce protective effects in IBD.

Further work is necessary, however, to determine if syndecan-l is protective in other IBD

models, including inflammatory cell mediated and chronic [39, 380]. Additionally, methods to

enhance syndecan- 1 expression warrant further study for their potential in ameliorating IBD.
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Figure 8.9. Syndecan-l increases survival in an inflammatory bowel disease mouse model. Wild-type and
syndecan-l knock-out (Sdcl KO) mice were administered 10% DSS in their drinking ater. A) Overall
survival was measured over eight days. B) Weight of surviving rats was measured over seven days.

8.3 Significance

Previous studies demonstrated that FGF2 and FGF7 induce cellular mediated responses

in Caco-2 cells, which express a cell surface FGFR that does not support the activity of these

FGFs. FGF1, however, was previously found to be necessary for FGF2 and FGF7 to induce a

cellular mediated response. This study served to identify the mechanism by which FGF I enables

FGF2 and FGF7 activity. The data presented demonstrates that FGF2 and FGF7 are dependent

on cell surface -ISPGs, while FGFI is not. Syndecan-l was found to translocate to the nucleus, a

mechanism which has been previously validated by which FGFs can induce a cellular response.
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Of note, FGF1 promotes the clustering of syndecan-l with lipid rafts, which together co-localize

around the nucleus. This may therefore serve as the mechanism by which FGF 1 enables FGF2

and FGF7 to induce cellular responses. Unlike FGF , both FGF2 and FGF7 also affect the Wnt

pathway, which has important implications in the colon, especially regarding cell transformation

and tumor growth. Furthermore, these studies identify syndecan-1 as a potentially important

modulator in IBD. Correspondingly, the presence of syndecan- I was found to have a substantial

protective effect in acute colitis. This study therefore demonstrates that syndecan-l is a key

factor with therapeutic potential in IBD, warranting further investigation.

8.4 Experimental Procedures

Cell Culture. Caco-2 cells (American Type Culture Collection, Manassas, VA) were maintained

in MEM (GibcoBRL, Gaithersburg, MD) supplemented with 10% FBS (Hyclone, Logan, UT),

15 mM HEPES, 100 mg/L penicillin and 100,000 U/L streptomycin (GibcoBRL). Cells were

grown in 175 cm2 flasks at 370C in a 5% CO2 humidified incubator. Caco-2 cells were passaged

twice a week at confluence. T84 cells were passaged once a week, at confluence.

RT-PCR. Five utg of total RNA was isolated from Caco-2 cells using Trizol reagent (Life Tech,

Rockville, MD) followed by reverse transcription with random hexamers. Specific oligomers

were designed based on published sequences in order to detect the expression of specific human

Wnt, Fz, and syndecan isoforms. Sequences of primer pairs were as follows: Wnt-l: 5'-CAC

GAC CTC GTC TAC TTC GAC-3' and 5'-ACA GAC ACT CGT GCA GTA CGC-3' [69]:

Wnt-2: 5'-CAT GGT GGT ACA TGA GAG CTA C-3' and 5'-GGC AAA TAC AAC TCC

AGC TGA G-3' [220]; Wnt-3: 5'-GAG AGC CTC CCC GTC CAC AG-3' and 5'-CTG CCA

GGA GTG TAT TCG CAT C-3' [221]; Wnt-3a: 5'-CAG GAA CTA CGT GGA GAT CAT G-

3' and 5'-CCA TCC CAC CAA ACT CGA TGT C-3' [221]; Fz-1: 5'-GAA CTT TCC TCC

AAC TTC ATG GC-3' and 5'-CAT TTC CAT TTT ACA GAC CGG-3' [391]; Fz-2: 5'-GGT

GAG CCA GCA CTG CAA GAG-3' and 5'-CCT AAA AGT GAA ATG GTT TCG ATC G-3'

[391]; Fz-10: 5'-ACA CGT CCA ACG CCA GCA TG-3' and 5'-ACG AGT CAT GTT GTA

GCC GAT G-3' [391]; and Syndecan-1/Sdc-1/CD138: 5'-CTT CAC ACT CCC CAC ACA GA-

Page 144



3' and 5'-TCC T'GT TTG GTG GGC TTC TG-3' [334]. To control for total cell protein, RT-PCR

was also performed on -actin using the primers 5'-GCC AGC TCA CCA TGG ATG ATG ATA

T-3' and 5'-GC'T TGC TGA TCC ACA TCT GCT GGA A-3' [31]. PCR was performed using

the Advantage-GC cDNA kit from Clontech as per manufacturer's instructions (Palo Alto, CA).

Transepithelial resistance. Caco-2 cells were grown to just prior to confluency. The apical

chambers of transwell plates with 6.5 mm diameter and 3 lim pore size filters were pretreated

with 50 plI of 45 Plg/ml mouse recombinant collagen IV (BD Biosciences. Bedford, MA) in 60%

ethanol 24 hours prior to plating. Plates were incubated overnight at room temperature. Just

prior to confluency, cells were washed with 20 ml PBS and treated with 3.5 ml trypsin-EDTA

per 175 cm' flask for 20-60 min at 37"C, until cells detached. Cells were resuspended in 16.5 ml

media appropriate to the cell type. Each apical chamber was supplemented with 82 til cell

solution. The basolateral chamber was filled with 1 ml propagation media. Filters were fed with

new media every two days over the course of experiments.

Caco-2 cells were allowed to grow on transwells to form monolayers. Monolayer

formation was examined every other day by light microscopy as well as by TER measurements

using an EVOMI ohmmeter (World Precision Instruments, Sarasota, FL). After monolayer

formation, cells were treated with 100 ng/ml recombinant human FGF1 (Amgen, Thousand

Oaks. CA), 100 ng/ml recombinant human FGF2 [250]. 100 ng/ml recombinant human FGF7

(Sigma, St. Louis, MO), or an equivalent volume (10 pl) of PBS. TER measurements were made

after each of 30 minutes, I hour, 2 hours, 4 hours, 9 hours, 24 hours, and 48 hours.

To probe the mechanism by which various FGFs induced cellular mediated effects,

various media treatments were employed. TM was added 24 hours prior to the addition of

ligands to yield a final concentration of 200 pM, sufficient to prevent the release of FGFI [252].

Sodium chlorate. which reduces cell HSPGs and the sulfation of associated HSGAGs, was added

24 hours prior to the addition of ligands to yield a final concentration of 50 mM [98, 448].

Heparin (Celsus, Cincinnati, OH) was added at a concentration of 500 ng/ml concurrently with

ligands. PMA (100 ng/ml; Sigma, St. Louis, MO), which activates PKC, and promotes syndecan

shedding [128]. was added 2 hours prior to ligands and again, 24 hours after. Goat anti-human

Fz-1 (Santa Cruz Biotechnology, Santa Cruz, CA) was added with ligands at a 1:100 dilution.

All experiments were performed in triplicate.
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Immunohistochemistry. Caco-2 cells were grown to just prior to confluency on collagen IV

coated glass slides. Cells were treated with PBS, FGF1, FGF2, and FGF7, and were incubated at

37°C in a 5% CO2 humidified incubator for I hour, 4 hours, 24 hours or 48 hours, as noted. Cells

were washed with PBS, fixed with 3.7% formalin for 10 minutes, and washed again with PBS.

Cells were treated with 0.1% Triton x-100 for 5 minutes to extract lipids. Cells were washed

with PBS, and preincubated with PBS supplemented with 1% BSA. Primary antibodies were

added for 4 hours at room temperature, and cells were washed with PBS. Primary antibodies

used were as follows: rabbit anti-human ZO-1 (1:160; Zymed Laboratories, San Francisco, CA);

mouse anti-human syndecan-l (1:300; Santa Cruz Biotechnology); goat anti-human Fz-l (1:125;

Santa Cruz Biotechnology); rabbit anti-human caveolin-l (1:250; Santa Cruz Biotechnology);

goat anti-human glypican-l (1:100; Santa Cruz Biotechnology); mouse anti-human E-cadherin

(1:250; Zymed Laboratories); rabbit anti-human P3-catenin (1:125; Cell Signaling Technology,

Beverly, MA); and rabbit anti-human phospho-3-catenin (Ser33/37/Thr41; 1:125; Cell Signaling

Technology).

Cells were then treated with secondary antibodies, Texas Red-labeled phalloidin

(Molecular Probes, Eugene, OR), or FLAER-FL 1 (1:400; Protox Biotech, Victoria, BC, Canada)

as appropriate for I hour in the dark at room temperature. Secondary antibodies used were as

follows: FITC-labeled chicken anti-rabbit (for ZO-1; 1:100; Molecular Probes); Texas Red-

labeled goat-anti mouse (for syndecan-l; 1:400; Molecular Probes); FITC-labeled donkey anti-

mouse (for syndecan-1; 1:400; Molecular Probes); FITC-labeled rabbit anti-mouse (for

syndecan-I and E-cadherin; 1:500; Molecular Probes); Texas Red-labeled rabbit anti-goat (for

Fz-1; 1:200; Jackson lmmunoResearch Laboratories, West Grove, PA); Texas Red-labeled goat

anti-rabbit (for caveolin-1, 13-catenin and phospho-p3-catenin; 1:500; Molecular Probes); and

Texas Red-labeled donkey anti-goat (for glypican-1; 1:80; Research Diagnostics, Flanders, NJ).

Cells, except those stained with phalloidin, were washed with PBS and stained with

DAPI for 5 minutes at room temperature (Molecular Probes). Controls of no antibody, primary

antibody only, and secondary antibody only were performed. Cells were examined by confocal

microscopy (ZO-1 and phalloidin only), or by fluorescence microscopy. A Nikon HBI1OOlAF

fluorescence microscope was used and images were captured at room temperature using a

Page 146



Hitachi HVC20 camera and Scion image acquisition software. Images were processed using

Adobe Photoshop 7.0 and Adobe Illustrator 10.0

TCF/LEF assay. Caco-2 cells were seeded in 12 well plates such that they would reach 90%

confluency in 4 days. Two days after plating, Caco-2 cells were transiently transfected with the

TOPFLASH (contains 4 TCF/LEF binding elements) luciferase promoter construct (Promega,

Madison, WI) as well as a thymidine kinase driven renilla luciferase construct (Promega) as a

transfection control vector. Each well was transfected with 1.5 lug DNA using Superfect

transfection reagent (Promega). Twenty-four hours after transfection, Caco-2 cells were treated

with PBS, FGFI, FGF2, or FGF7, for I hour, 4 hours, or 24 hours. The Caco-2 cells were

processed using a dual-luciferase assay system to measure luciferase activity from both the

TC)PFLASH constructs and the renilla constructs. All results were standardized to the relative

transfection efficiencies as observed from the renilla values.

DSS acute colitis moIel. Mice with knock-outs of Sdc-1, the gene for syndecan-1, were

produced as previously described [5, 262, 360]. Disease was induced by lad libitlnl

administration of 10% DSS in the drinking water [55]. Survival and the weight of surviving

mice were measured over time. Ten wild-type and 10 Sdc-1 knock-out mice were used for

experiments.

Statistical analysis. Results are expressed as mean standard deviation. The Student's t test

was used for statistical analysis. A P value of < 0.05 was considered statistically significant.
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Section 3. Internalization of Heparin

Overview:

Section 3 describes the development of poly(3-amino ester)-heparin conjugates. These

conjugates can enable cellular uptake of heparin by endocytosis, preferentially into cancer cells.

After entry into cells, conjugates alter cellular responses, leading to apoptotic cell death. The

selectivity for cancer cells coupled with their ability to induce cell death makes poly(f3-amino

ester)-heparin conjugates a viable potential anti-cancer agent. While poly(f3-amino ester)-

heparin conjugates are effective on most cancer cell lines, one notable exception is with Burkitt's

lymphoma, a cancer associated with the Epstein-Barr virus, where they induce proliferation.

Using the conjugates as a tool aided in the identification of cell surface heparin/heparan sulfate-

like glycosaminoglycans as critical modulators of cell growth. The depolymerization of

Burkitt's lymphoma cell surface heparin/heparan sulfate-like glycosaminoglycans with

heparinases was subsequently found to be an effective way to inhibit their growth. Finally, the

ability of poly(P-amino ester)-heparin conjugates to inhibit cancer cell growth was validated in

vivo, where it additionally has no anticoagulant effects and no detectable toxicity. Poly(1-amino

ester)-heparin conjugates therefore offer a new potential therapeutic modality to treat cancer.

Furthermore, selectivity based on the rate of endocytosis is an effective means to target cancer

cells.
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Chapter 9. Poly(f3-amino ester)s promote cellular uptake of

heparin and cancer cell death

This report weas precious published in Chemistrv and Biolog in 2004. See reference [321 for details. All figures in
this chapter were adapted from the original publication.

9.0 Summary

Heparin/heparan sulfate-like glycosaminoglycans (HSGAGs) are involved in diverse

cellular processes in the ECM. The biological effect of HSGAGs depends on disaccharide

content and physiological location within the ECM. HSGAGs are also brought into cells during

membrane transcytosis and growth factor signaling while protein bound. This study serves to

probe the impact of free HSGAGs within the cell by using heparin as a model HSGAG. A

library of poly(3-amino ester)s (PAEs), which internalize DNA, was examined for the capacity

of its members to internalize heparin. Fourteen polymers enabled heparin internalization. The

most efficacious polymer reduced murine melanoma cell growth by 73%/o. No GAG was as

efficacious as highly sulfated, full-length heparin. Internalized heparin likely interferes with

transcription factor function and subsequently induces apoptotic cell death. Therefore,

internalized heparin is a novel mechanism for inducing apoptosis of cancer cells.

9.1 Introduction

The role of HSGAGs in influencing biological processes has been defined by their

function in the ECM. HSGAGs are found as the GAG component of HSPGs. Depending on the

core protein, HSPGs are either free in the ECM or at the cell-ECM interface [427]. Interactions

between HSGAGs and other ECM components regulate important physiological and

pathological processes, including normal development, wound healing, and tumor progression

[77, 370].
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HSGAGs can regulate such a wide variety of cell processes because of their information-

rich nature [108]. The HSGAG polysaccharide is composed of a disaccharide repeat unit

consisting of a glucosamine linked to either an iduronic acid or a glucuronic acid. Potential 2-0

sulfation on the uronic acid, 6-0 and 3-0 sulfation of the glucosamine, and an unmodified,

acetylated, or sulfated amine lead to 48 potential disaccharide units that compose the 10-100-

mer HSGAG chain [370]. In addition to the information content inherent in the polysaccharide

chain [38], the relative biological location of both the HSGAG and the HSPG influences

function. The tumorigenicity of an HSGAG chain is distinct whether it is free in the ECM or

attached to an HSPG on the cell surface [274, 448].

In normal function, HSGAGs are brought into the cell in a controlled fashion. For

example, HSGAGs bind to FGF2 and FGFRI to form an internalized ternary complex [365,

448]. HSGAGs may facilitate the localization of the FGF-FGFR-HSGAG complex to the

nucleus, where it impacts cell function [183]. Nonetheless, the role of free HSGAGs within the

cell has not been established. PAEs are a class of cationic polymers that bind to DNA and enable

its internalization by endocytosis [285, 286]. The low toxicity of this set of polymers compared

to other cationic polymers that can also bind and internalize DNA, including poly(lysine) and

poly(ethylene imine) [51, 285], provides an optimal method for investigating the potential for the

internalization of HSGAGs with heparin as a model HSGAG, as well as a useful tool for

understanding the effects of free HSGAGs within the cell.

The capacity of the PAEs to bind DNA and enable internalization, presumably by

forming a conjugate with a net positive charge to promote endocytosis [210, 285], makes heparin

binding and internalization rational. Herein, we investigated the capacity of PAEs to bind and

internalize heparin, as well as the resultant cellular effects. We found that, although most

polymers can bind heparin, only a small subset enables efficient internalization. Entry of heparin

into cells promotes cell death, which is limited primarily by the rate at which cells internalize the

polymer-heparin conjugate. The magnitude of cell death is maximal with PAEs conjugated to

heparin rather than to other GAGs. We found that internalized heparin promotes spermine influx,

a general increase in transcription factor levels in both the nucleus and cytosol, and apoptotic cell

death.
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9.2 Results

9.2.1 PAEs bind heparin

PAEs have been previously demonstrated to efficiently bind DNA [285, 286]. The

interaction between this class of polymers and DNA is thought to be primarily mediated through

electrostatic interaction between the anionic DNA and the cationic polymers. azure A is a

cationic dye that binds to sulfate groups on heparin [502]. We examined polymer-heparin

binding by determining if polymers could compete with azure A for binding sites on heparin.

The ability of PAEs to displace Azure A was initially examined for five polymers with variable

DNA binding efficiencies over a range of polymer:heparin (w/w) ratios. All five polymers

displaced heparin. The optimal ratios for these five polymers were at either 5:1 or 20:1. The 70

PAEs that had been previously demonstrated to be water soluble from an initial screening group

of 140 [286] were then tested for their ability to bind heparin. Of the 70 polymers tested, 64

bound heparin to some degree at a 5:1 (w/w) polymer:heparin ratio, and all 70 bound heparin at a

20: i ratio in 25 mM sodium acetate. When dissolved in PBS, only 57 polymers bound heparin at

a 5:1 (w/w) ratio, and 63 did so at a 20:1 (w/w) ratio. pH affects not only the rate at which PAEs

degrade but also their ability to directly bind DNA [285]. The reduced ability of PAEs to bind

heparin at a higher pH is consistent with DNA's reduced ability to do so.

9.2.2 Select PAEs enable internalization of heparin

To determine if PAE binding to heparin would enable internalization into cells, as is the

case for PAE.-DNA conjugates [4, 285, 286], we employed fluorescein-labeled heparin.

Conjugates of polymer and fluorescein-labeled heparin were formed in 25 mM sodium acetate

for each of the 70 water-soluble polymers at a 20:1 (w/w) polymer:heparin ratio. The conjugates

were incubated with SMCs, BAECs, and NIH 3T3 cells for 24 hr, and internalization was

detected by fluorescence microscopy. A group of 14 polymers composed of diacrylate "A" and

amine "5" (A5) A8, All, B6, B9, B11, B14, C4, C12, D6, E7, E14, F20, and G5 (Figure 9.1)

enabled passage of heparin across the cell membrane; this heparin passage sufficiently met the

criteria detailed in Experimental Procedures. The structures of A5 and B6 can be seen in Figure
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9.1C. The chemical properties of the various polymers examined and the complexes formed with

them have been reported previously [4, 286].

Al R,

C)

A5 B6

0 0

oXo 

Figure 9.1. Select PAEs enable internalization of heparin. (A and B) SMCs were incubated with conjugates
of fluorescein-labeled heparin and various polymers. Fluorescence microscopy images of polymers (A) A5 and
(B) B6 are shown. Images are presented as an overlay of fluorescence onto light microscopy. Scale bars
represent 10 tm. (C) Polymers A5 and B6.

9.2.3 Internalized heparin inhibits B16-F10O growth

We treated B16-F10 cells with polymer-heparin complexes to investigate if internalized

heparin could influence cell processes. Polymer-heparin complexes were formed at a

polymer:heparin ratio of 20:1 (w/w) with each of the 14 polymers that enabled heparin

internalization. Cells were treated with enough complexes to produce a heparin concentration of

500 ng/ml. Internalization of heparin caused a polymer-specific and polymer-dependent response

in terms of B16-FIO proliferation (Figure 9.2A). A5-heparin induced a 58.28% 12.97%

reduction in cell number in treated versus untreated cells: this reduction was significantly greater
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than that induced by any other polymer-heparin conjugate tested (p < 0.008). Heparin alone

inhibited cell growth 2.40% i 10.33%.
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Figure 9.2. AS-Heparin reduces B16-F10 growth. B16-I 10 cells were treated with polymer heparin
conjugates (A) alone or (B) with 5 ng/ml FGF2. Data were normalized as percent reduction in the whole-cell
count compared to untreated cells. (C) B16-FIO cells were treated with A5-heparin at a 20:1 (v/w) ratio or with
equivalent amounts of A5 alone. The wkhole-cell count was converted to a percent reduction compared to that of
untreated cells. (D) Chemical structures of four polymers that had notable cellular effects after conjugation to
heparin.

To examine whether the observed conjugate-induced effects were related to FGF2 cell-

mediated responses, we added each of the 14 polymer-heparin complexes and 10 ng/ml FGF2 to

the cells. In the presence of FGF2, A5-heparin reduced the whole-cell number by 8 6 .51% 

1.05% in treated compared to untreated cells. Given that FGF2 alone produced a 2 6 .2 8 % ±

7.23% inhibition, the increased magnitude of the inhibitory effect appears to be additive (Figure

9.2B). FGF2 generally promoted inhibition across polymers in an additive manner. D6 provides
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a notable exception in that cell number inhibition tdecreased from -9.51% ± 1.13% to -33.97% 

1.47%.

We next examined the dose dependence of A5-heparin. The capacity of A5-heparin

conjugates to reduce the whole-cell number increased with concentration (Figure 9.2C). The

addition of 5 tg/ml heparin and 100 pg/ml A5 reduced the whole-cell number by 24.58% 

7.98% (p < 0.004). At 1 g/ml heparin, A5-heparin reduced cell numbers by 73.14% ±4 2.75%.

The amount of polymer used in the conjugate was the highest amount of polymer alone that did

not have a significant effect.

9.2.4 Internalized heparin affects cell processes

To determine if the conjugate-mediated effects were due to nonspecific cytotoxicity, we

examined whether specific cell processes were affected. The effects of internalized heparin on

six transcription factor levels in B16-F10 cells were determined. We found a general alteration of

specific transcription factors in both the nucleus and the cytoplasm (Figures 9.3A and 9.3B).

The most striking effect was seen in DP-I in the nucleus and the cytoplasm, where levels were

elevated 2.18- ± 0.12-fold and 2.72- ± 0.03-fold, respectively. Nuclear E2F-1 and Sp-l were both

initially lower than the control but then corrected toward the control. Nuclear p107, Rb, and E2F-

2 all showed initial increases compared to the control but subsequently declined. After 4 hr, Rb

decreased substantially below the control level. Cytoplasmic p107 and E2F-2 were initially

elevated but then returned to near baseline levels. Levels of E2F-1, Rb, and Sp-l were

substantially elevated over time, although Rb did show a relative decrease between I hr and 4 hr.

The measured levels for the six transcription factors showed an average elevation of 1.20- and

1.63-fold in the nucleus and cytoplasm, respectively, after 4 hr. Without DP-1, the increases

were 1.01-fold for nuclear transcription factors and 1.41-fold for cytoplasmic transcription

factors.

To examine the occurrence of individual HS epitopes within the HSGAGs present on and

around B16-F10 cells, we used a panel of 10 anti-HS antibodies for immunocytological staining

of fixed cell cultures. Most antibodies showed strong staining for HS on the cell surface and in

the ECM. Antibodies HS4C3 and RB4CD12 showed differential staining patterns between A5-

heparin and heparin alone (Figure 9.3C).
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Figure 9.3. A5-Heparin affects cellular processes. B16-F0 cells w-ere treated with A5-heparin conjugates at a
20:1 (/Aw) ratio. (A) Nuclear and (B) cystolic transcription fhctor levels wcre determined after incubation sxith
conjugates for different time periods. Data are normalized to untreated cells with results presented as the relative
increase in magnitude compared to untreated cells. (C) lmmunohistochcmistrx of B 16-F 10 cells after treatetment
with PBS. A5. A5-heparin conjugates. or heparin with antibodies specific to IS moieties.

9.2.5 Growth-inhibitory effects are GAG specific

To investigate whether the growth-inhibitory effect was specific to heparin or generalized

to GAGs of various size. charge, and composition, heparan sulfate (HS), enoxaparin, low

molecular-weight heparin (LMWH) of two activity levels, and two forms of CS were tested for

their ability to bind A5 and to produce a biological effect in B16-FI0 cells via proliferation

assays. The composition of the HSGAGs was determined by capillary electrophoresis-based

compositional analysis as described [30, 31]]. Heparin. enoxaparin, and high-activity LMWH

had the highest quantities of sulfate groups, averaging 2.32, 2.41, and 2.35 sulfates per

disaccharide, respectively (Figure 9.4A). HS had only 0.43 sulfates per disaccharide. CS-A was

primarily 4-0 sulfated, with the corresponding peak constituting 9 8.2% of total peak area. CS-C

was primarily 6-0 sulfated but contained some 4-0 sulfated disaccharides, as well as three forms
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of disulfated disaccharides. This collection of GAGs, therefore, allowed for the examination of

sulfation degree, length, and saccharide type.
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Figure 9.4. Heparin induces greater growth inhibition than other GAGs. (A) The disaccharide composition
of the various pools was determined by capillary electrophoresis after complete digestion by heparinases.
Numbers represent the percentage o each given disaccharide. Not included is the undigestable 4-7
tetrasaccharide. which represents the deviation of the sum of each column from 100. (B) B16-F1O cells were
treated with GAGs ( black bars) and A5-GAG conjugates (gray bars: 20:1, w/w). tlep, Eno. HA. LA. CS-A. and
CS-C refer to heparin. enoxaparin. high-actiity LWII. low-activity LMWI. CS A. and CS C respectively.
Data are expressed as a while-cell number/100. Numbers represent the percent change in the whole-cell number
for the A5-GAG conjugate compared to GAG alone.

The azure A binding assay demonstrated that A5 bound to all of the GAGs employed at a

20:1 (w/w) A5:heparin ratio in 25 mM sodium acetate. The minimum amount of polymer

required for complete binding was higher for GAG species with more sulfates per disaccharide.
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Correspondingly, A5 (as well as other polymers) bound full-length heparin and highly-sulfated

LMWHs with similar efficiency. Heparin induced the greatest reduction in the B16-F10 cell

number (p < 5 x 10-': Figure 9.4B) of the A5-GAG conjugates (20: 1, w/w; 500 ng/ml GAG).

The undersulfated HS produced only a 19.70% ± 4.01% reduction compared to that of 53.73% ±

5.80% for heparin. The shorter chain enoxaparin and LMWHs also produced reductions in cell

number that were lower in magnitude than full-length heparin. It is noteworthy that, compared to

other polymers that enabled conjugate internalization, A5 also promoted the maximal cell-

mediated effect for LMWHs. Each of the two species of CS had less of an effect than heparin.

The 33.12% 5.51% reduction induced by CS-C is significantly greater than the 15.28% 

4.52% reduction induced by CS-A (p < 0.0002) and the reduction induced by HS (p < 0.001).

9.2.6 Internalized heparin promotes a cell-specific response

We examined if A5-heparin affected other cell types. The proliferative effects of A5-

heparin (20:1. w/w: 1 gpg/ml heparin) were examined in SMCs, BAECs, FGFRlc-transfected

BaF3 cells, SW-1088, SK-ES-1, Panc-1, SK-ES-1, and B16-BL6 by whole-cell proliferation.

The A5-heparin conjugate had a minimal effect on SMCs (3.84% ± 3.33%), BAECs (-1.09% i

1.94%), transfected BaF3 cells (14.52% ± 4.05%), B16-BL6 cells (-8.92% ± 12.36%), and Panc-

1 cells (-2.74% + 5.41%), but it did elicit a significant reduction in the whole-cell number of

SK-ES-1 (53.79% + 7.85%) and SW-1088 (23.76% + 8.89%) cells. Proliferation assays were

also performed in the presence of each of 10% FBS, 50 mM sodium chlorate, and 5 ng/ml FGF2

(50 ng/ml for transfected BaF3 cells). The presence of FBS significantly reduced the effect of the

conjugate. Sodium chlorate, which abrogates cell surface HSPGs [448], reduced the growth-

inhibitory effects of A5-heparin in SK-ES-1 and SW-1088 cells (Figure 9.5A). The effect of A5-

heparin in the presence of FGF2 was not significantly different from the summed changes

induced separately by conjugate and, FGF2.

The cell-specific effects of A5-heparin raised the question as to why certain cells were

more affected. The results could not be directly attributed to cell turnover rate because

transfected BaF3 cells and SMCs, which are not susceptible to A5-heparin conjugate-mediated

reductions, have a faster turnover rate than SW-1088 cells, which are susceptible. Given that the

polymer likely enables internalization by promoting endocytosis [285], we investigated whether

internalization rates could be the source of the differential effects observed. Fluorescein-
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conjugated heparin was used for measuring internalization rates in SMCs, B16-BL6 cells, and

B16-F10 cells. B16-F10O cells show internalization of heparin within 1 hr (Figure 9.5B). Neither

SMCs nor B16-BL6 cells showed significant internalization within 6 hr, although all three cell

lines demonstrated internalized conjugate after 24 hr. These results confirm the cell-specific

nature of A5-heparin conjugate-mediated inhibition of proliferation and suggest that selectivity is

related to the complexes' rate of uptake.

A)

AS-Heparin
nsupplemenented

FCF2
Chlorate

B16-F10
58.28 ± 12.97
86.51 + 1.05

54.39 ± 11.0)6

SK-ES-I
53.79 + 7.85
48.12 12.21

31.71 1.18

SWN-1088
23.76 ± 8.89
21.67± 11.47

3.36 4- 6.00

BaF3
14.59 ± 4.05
14.52 ± 10.70

N'A

B)

BI 6-BL6

6 Hr

,l .p i

I

B16-FIO

I Hr 6 Hr

Figure 9.5. AS-Heparin exhibits cell selectivity. Cells were treated with A5-heparin (20:1. w/-. I ptg/ml
heparin) supplemented with PBS. FGF2. or sodium chlorate. Data are presented as a percent of the whole-cell
count compared to the count for treatment without A5-hepin. Transtected BaF3 cells were not examined in the
presence of chlorate as a result of the lack of cell surface GAGs. (B) B16-B16 and B16-FI0 cells were treated
with AS-fluorescein-labeled heparin conjugates heparin (20:1. w/w. 1 ltg/ml heparin). Cells were imaged with
light microscopy. and fluorescein was visualized with fluorescence microscopy. Scale bars represent 10 tm.
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9.2.7 Internalized heparin induces cell death

Heparin
| A5
I A5-Heparin

1) 100 1000 5000

Heparin Concentration (ng/ml)

Untl Triton-X Hep A5 A5-Hep

r--

Unb: Camp Hep A5 A5-Hep

We next sought to determine whether

internalization of heparin by A5 affects specific

cell processes and thus reduces the whole-cell

number. We used 3H-thymidine incorporation to

measure DNA synthesis in B16-F10 cells after the

application of A5-heparin. The mitogenic

response followed a dose-response curve, wherein

low concentrations of A5-heparin promote 'H-

thymidine incorporation and high doses inhibit it

(Figure 9.6A). None of the equivalent A5

concentrations (20-fold greater than the heparin

concentration), including the highest

concentration tested, 100 [lg/ml, elicited a change

in mitogenesis.

The mechanism by which A5-heparin

conjugates induced their effects was also

examined with a lactic-acid dehydrogenase

(LDH) cytotoxicity assay and a caspase-3/-7

apoptosis assay. Heparin, A5, and A5-heparin all

significantly increased LDH detection compared

to that in the untreated condition (Figure 9.6B).

Heparin, A5, and A5-heparin elicited responses

that were 50.70% + 13.81%. 35.69% ± 18.94%,

Figure 9.6. A-Heparin induces cell death. B16-F10 cells tNere treated With A5-heparin conjuigates at a 2():1
(\/\w) ratio or with equivalent concentrations of A5 or heparin clone. (A) 3H-thymidine incorporation *was
measured as CPM over a range of heparin concentrations. A concentration of 0 ng/ml represents untreated cells.
(13) Cytotoxicit3 measured bt? an LDII assay swas determined a I tg/ml heparin. Untx and tlep represent
untreated and heparin treated cells. respectively. Data are presented as the percent of the positive control.
determined as follokks: (experimental point - negative control)/(positive control - negatike control).. Where
untreated is the negative control and Triton-X is the positive control. (C) Apoptotic activity measured bh
caspase-3/-7 assays w-as determined at a heparin concentration of I g/ml. Untx, Camp. and 1lep represent
untreated. camptothecin. and heparin. respectively. Data are presented as the percent of the positive control.
where untreated is the negative control. and camptothecin is the positive control. An asterisk denotes p < 0.05
compared to the negative control.

Page 159

A)
7000

6000

5000

Q. 4000

3000

2000

1000

0

B)

C
0o

c.

o

o

1.2

1.0

0.8

0.6

0.4

0.2

0.0 T

C)

-0

oC.,0
0-

1.2

1.0

0.8

0.6

0.4

0.2

0.0



and 77.93% + 11.91%, respectively, of that caused by Triton-X, the positive control. A5-heparin

conjugate activated caspase-3/-7 levels to an extent comparable to that of camptothecin, the

positive control (Figure 9.6C). Compared to PBS, neither heparin nor A5 alone promoted a

significant elevation of caspase activity, thereby suggesting that the conjugation of A5 and

heparin promoted apoptosis in a way unobserved with either component alone.

9.2.8 AS-Heparin promotes early spermin

A)
SMC

PBS S D S + D 48 24 12 9 d 3

B16-BL6

PBS S D S D 48 24 12 9 6 3

B16-F10

PBS S D S+D 48 24 12 9 6 3

[e incorporation

Spermine incorporation was

investigated not only because cell surface

HS binds to the spermine transporter, which

promotes the uptake of spermine, but also

because cellular proliferation is dependent

on an adequate supply of polyamines [26,

27]. To this end, '4C-spermine incorporation

was measured over time subsequent to A5-

heparin administration in SMCs and B16-

BL6 and B16-F10 cells. SMCs and B16-

BL6 cells showed a significant influx of

14C-spermine at the 6 hr time point (Figure

9.7). The magnitude of this effect was

43.97% and 41.83% of that induced by

difluoromethylornithine (DFMO) in SMCs

and B16-BL6 cells, respectively. However,

we observed an influx of 4C-spermine that

Figure 9.7. A5-Heparin induces spermine
incorporation at 6 hours. Incorporation of 14C-
spermine was measured over time after treatment
of (A) SMCs, (B) B16-BL6 cells. and (C) B16-
F10 cells with A5-heparin conjugates (20:1. w/w,
I ,ug/ml). S and D denote 5 M spermine and 5
mM DFMO. respectively. Numbers along the x-
axis reflect conjugate incubation time. Data are
presented as CPM.
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was 19.61-fold greater than that observed with DFMO at 6 hr in B16-F10 cells. Furthermore, at

the 9 hr time point, B16-F 10 cells had 2-fold greater incorporation.

9.3 Discussion

9.3.1 Cationic polymers can bind and internalize heparin

The internalization of HSGAGs into cells has been seen as an event involved with

specific processes, including growth factor signaling and membrane transcytosis. HSGAGs bind

to FGF2 and FGFRI to form a ternary complex that is internalized by endocytosis [365, 448].

HSGAGs can also facilitate membrane transcytosis, such as at the blood-brain barrier [89]. The

function of HSGAGs in these cases is to regulate the biological response to and the localization

of growth factors. The specific internalization of heparin as a model HSGAG could therefore,

theoretically, be used for modulating cell processes involving HSGAGs within the confines of

the cell.

Herein, we utilized PAEs, a class of polymers that interact with DNA via a charge-

mediated mechanism. PAEs are an ideal class of polymers for delivery of DNA as a result of

their low toxicity compared to that of other polymeric methods of DNA delivery, their rapid

biodegradability into biologically inert compounds, and their simple synthesis [285, 286]. The

primary anionic region of heparin is in the sulfate groups at the N-, 2-0, 3-0, and 6-0 positions

on the disaccharides that compose heparin. The high quantity of sulfate groups on heparin

confers a greater negative charge than DNA [377]. Because of this, of the 70 water-soluble PAEs

from a screening library of 140, all bound heparin at a 20:1 w/w ratio in optimal conditions (25

mM sodium acetate, pH 5.0). Substantial binding is similarly facilitated at suboptimal conditions.

However, only a small subset of these polymers enable internalization of heparin into cells. The

fact that PAEs do not enable heparin internalization as well as DNA is not surprising, however,

given that a net positive charge, which may trigger endocytosis by promoting interactions with

the negatively charged cell membrane, would be more difficult to achieve with a more anionic

biopolymer [210]. Correspondingly, the PAEs that mediated the highest levels of DNA

internalization had the most positive zeta potentials [4]. The fact that PAEs do not enable heparin

internalization as well as DNA is consistent with a net positive charge required for endocytosis.

Page 161



Although lysosomal escape was not specifically examined here, cationic surfaces promote

interactions with the lysosome membrane and subsequent release into the cytosol [359].

Therefore, the positive zeta potentials are consistent with lysosomal escape. Apoptotic bodies

visible in cultures after the addition of fluorescein-heparin conjugated to polymers uniformly

exhibited fluorescence (Figure 9.1), suggesting even distribution of the conjugates throughout

the cytosol. Furthermore, we surmise that the A5-heparin conjugate must escape into the cytosol

to significantly alter the activities of transcription factors and caspaces.

9.3.2 Internalized heparin affects cell processes

The 14 PAEs that internalized heparin had distinct response levels when examined in a

whole-cell proliferation assay. Polymer A5 was used because the magnitude of change in the

whole-cell number was greatest, suggesting either the presence of the highest quantity of

internalized heparin or the most robust response induced by the internalized complex. The ability

of A5-heparin conjugates as opposed to heparin or A5 alone, to affect the whole-cell number,

transcription factor levels, and the HSGAG epitopes present on and around the cell, is consistent

with internalization of the complex. Furthermore, complexes formed with PAEs that were shown

by assays performed herein to bind but not internalize heparin had no effect on the whole-cell

number.

The cellular response to A5-heparin was found to be cell specific (Figure 9.5A). In

general, noncancerous cells produced a lower magnitude of effect than cancer cells. The

upregulation of huntingtin-interacting protein-l, a cofactor in clatharin-mediated endocytosis,

has been associated with various epithelial cancers [394, 410]. Endocytic rate has been

demonstrated to govern cell sensitivity to exogenous agents [22]. Correspondingly, B16-F10

cells, which exhibited the greatest magnitude of response to A5-heparin conjugates, showed a

much faster rate of conjugate internalization than other cells, in which less pronounced responses

were induced (Figure 9.5B). Spermine incorporation, which is greatly increased in susceptible

cells, showed maximal effects after 6 hr. SMCs and B16-BL6 cells did not show significant

internalization at this time and, correspondingly, elicited lower levels of spermine incorporation

(Figure 9.7). B16-FlOs, which internalized A5-heparin conjugates within I hr, showed much

greater levels of spermine incorporation. Cell selectivity therefore seems dependent on

internalization rate.
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9.3.3 Full-length heparin promotes the greatest biological response

The biological effect of internalized GAGs is not limited to heparin. Compared to GAG

or polymer A5 alone, heparin, HS, LMWHs, and CS each induced some reduction in the whole-

cell number. Full-length heparin, however, induced the largest effect. Heparin has the highest

charge density of the four full-length GAGs tested. High-activity LMWH, however, has a similar

charge density to. but a smaller biological effect than, full-length heparin. Although the relative

amount of each internalized GAG was not quantified, these results suggest that high molecular

weights and higher charge densities confer greater activity. Correspondingly, partial digestion of

heparin with hepI [31]. which cleaves highly sulfated regions of HSGAGs prior to conjugation

with polymer A5, reduces the magnitude of effect observed. Although hepIII digestion, which

targets undersulfated regions, also reduces the magnitude of response, the reduction is less than

that observed with hepl treatment (data not shown).

9.3.4 Internalized heparin induces apoptosis

Reduction of the whole-cell number does not directly explain the mechanism of action or

distinguish between general toxicity and controlled alterations to cell processes. We therefore

sought to probe how internalized heparin induced cellular effects. We hypothesized that

internalized heparin induces cell-mediated responses by affecting cell processes normally

involving heparin, altering cell functions by the degree of negative charge in the cell, or

preventing transcription factor binding.

FGF2 has an essential autocrine role in melanoma [158]. Furthermore, the FGF-FGFR

complex is stabilized, and heparin promotes downstream signaling [449, 486]. The FGF2 system

therefore provides an ideal approach for examining if internalized heparin alters cell processes

normally involving heparin. The effects of A5-heparin conjugates in the presence of FGF2 did

not yield a reduction in the whole-cell number that was distinct from the sum of the independent

effects of the conjugates and FGF2. The affect of conjugates in the presence of FGF2 was

similarly additive in all cell lines examined. Furthermore, when normalized to the effects of

FGF2 alone the affects of internalized heparin are identical on BaF3 cells as well as those

transfected with FGFRI (data not shown). Taken together, these results suggest internalized

heparin does not directly affect FGF2 signaling.
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The Rb pathway is another critical pathway in the development of melanoma [217]. The

mutation of Rb and other tumor suppressor proteins, including p107, causes an increase in the

number of free E2F family members present [168]. We found that internalized heparin led to an

upregulation of nuclear E2F-2 and cytoplasmic E2F-1. Furthermore, Rb was upregulated in the

cytoplasm but downregulated in the nucleus. The levels of pl07 were generally unchanged. DP-I

is not typically associated with melanomas but has been found to be upregulated in complexes

with E2F [70]. Sp-1, which is similarly not thought of as important in melanomas, was

upregulated in tumors, including glioblastomas [244]. With the exception of elevated levels of

Rb found in the cytoplasm, the internalization of heparin promotes a cellular response that is in

accordance with promoting melanoma growth.

Heparin internalization places a substantial quantity of a highly charged compound into

cells. Although this could adversely affect cells by a nonspecific process, controlled

internalization of 0.15 M trehalose actually protects cells from environmental changes [107].

With the addition of 1 glg heparin to 5 x 104 cells, each cell could receive p to 20 pg of

internalized heparin, or -. 13 M heparin, suggesting that a purely osmotic effect is unlikely.

Furthermore, HA-LMWH, which has the same charge density as full-length heparin, has a much

lower capacity to reduce the whole-cell number. Therefore, nonspecific charge-mediated effects

do not appear to be the source of the observed biological response.

Oligosaccharides have previously been demonstrated to bind transcription factors [96].

Additionally, heparin is used for assessing the binding strength of delivery systems to DNA

because the greater charge density of heparin can compete with and force charged molecules off

of DNA. We found a generalized upregulation of transcription factors in both the cytosol and the

nucleus. Because an ELISA technique was used for quantifying transcription factor levels,

heparin could apparently increase transcription factor levels by competing with and forcing

transcription factors off of DNA and thereby freeing the binding sites. Antithrombin lIl,

however, prevents NF-KB activation and the subsequent production of growth factors and

cytokines in a heparin-dependent manner [339]. Internalized heparin therefore likely inhibits

transcription factor activity either by preferentially binding DNA or by inhibiting transcription

factor activation. The alterations in mitogenic response and caspase-3/-7 activity (Figure 9.6) are

consistent with specific cell processes being affected to induce apoptosis. These results suggest
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that internalized heparin reduces cell numbers by inducing apoptotic cell death via a transcription

factor-mediated mechanism.

This report details a novel mechanism by which large, highly charged polysaccharides

can be delivered into cells. This delivery induces a cell-specific apoptotic response, based

primarily on the rate at which complexes are internalized. Because certain cancers have a higher

endocytic rate, the use of internalized heparin may offer a novel approach for treating cancers.

Additionally, because heparin can bind several growth factors and cytokines, delivery of heparin

could serve as a platform for the development of combination therapies to treat cancer. Further

work is still necessary to elucidate the specific mechanism by which internalized heparin induces

apoptosis as well as to elucidate its efficacy in other cancers.

9.4 Significance

HSGAGs are anionic biopolymers involved in diverse cellular processes in the

extracellular matrix. Heparin is a prototypical HSGAG that is more negatively charged than

other HSGAGs as a result of the high quantity of sulfate groups found on the composite

disaccharides. A library of polymers, PAEs, which interact with DNA via a charge-mediated

mechanism and enable its internalization, were used for investigating the impact of free heparin

within the cell. HSGAGs are normally internalized but are protein bound in the process. All

water-soluble polymers bound heparin but only 14 allowed for heparin internalization. Of

importance, cationic polymers that sufficiently bind heparin can promote its uptake into cells.

Fewer PAEs enabled internalization of heparin than of DNA, which is consistent with conjugate

enclocytosis requiring a net positive charge. Only a subset of polymers that can internalize DNA

would be sufficiently cationic to internalize the more anionic heparin. Polymers developed for

intracellular delivery of anionic compounds therefore need a sufficient positive charge to

compensate tfor the molecule delivered. Furthermore. the uptake of heparin into the cell induces

apoptotic cell death that is preferential to specific cell types because of internalization rates.

Cancer cells, which have a faster endocytic rate than noncancerous cells and correspondingly

take up polymer-heparin conjugate more quickly, are typically more susceptible to the effects of

polymer-heparin conjugates. Although targeting cancer based on endocytic rate alone would
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likely affect macrophages and neutrophils as well, local delivery could allow for induction of

cancer cell death with minimal effects to surrounding tissues. Therefore, internalizing heparin

with poly(P-amino ester)s offers a new approach to induce cancer cell death.

9.5 Experimental Procedures

Proteins and reagents. Porcine intestinal mucosa heparin was from Celsus Laboratories

(Columbus, OH). FBS was from Hyclone (Logan, UT). MEM, DMEM, RPMI-1640, L-15, PBS,

L-glutamine, and penicillin/streptomycin were obtained from GibcoBRL (Gaithersberg, MD).

Mouse recombinant IL-3 was from R & D Systems (Minneapolis, MN). B16-BL6, B16-F10,

Panc-1, SK-ES-I, and SW-1088 cells were from the American Type Culture Collection

(Manassas, VA). DTT and the protease inhibitor cocktail were from Sigma (St. Louis, MO).

BaF3 cells transfected with FGFRlc [30] were generously provided by Dr. David Ornitz

(Washington University, St. Louis, MO). NIH 3T3 cells were generously provided by Dr.

Matthew Nugent (Boston University School of Medicine, Boston, MA).

Polymer-heparin conjugate synthesis. Polymers were prepared and conjugated to heparin via a

similar method as that described for DNA [286]. Each polymer is named by its composite

diacrylate (A-F) and amine (1-20). In brief, polymers were dissolved via vortexing in 25 mM

sodium acetate (pH 5.0) and then mixed with heparin in 25 mM sodium acetate (pH 5.0) to

produce the desired polymer:heparin ratio (w/w). The mixture was shaken for 30 min at room

temperature. Complexes were stored at 4C until use, which was no greater than 3 hr after

conjugation.

Azure A heparin binding assay. The individual effects of heparin and polymer on the azure A

colorimetric assay were first established. Azure A was dissolved in sodium acetate (pH 5.0) to

produce a 0.2% (w/v) solution. Heparin and each of the 70 library-derived polymers that are

soluble in sodium acetate (pH 5.0) [286] were dissolved in it to produce solutions ranging

between 10 ng/ml and I mg/ml. Each sample at each concentration was mixed thoroughly at a

1:1 ratio with azure A in a final volume of 1 ml, and the absorbance was determined at 596 nm

[238].
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For polymer-azure A competition assays, 250 ptl of 20 pug/ml heparin in 25 mM sodium

acetate (pH 5.0) was mixed with 250 tl of each of the 70 polymers in 25 mM sodium acetate to

yield a final polymer:heparin ratio (w/w) of 1:1, 5:1, 10:1, or 20:1. Each 500 l solution was

shaken for 30 min at room temperature to allow for conjugation and then supplemented with 500

pll azure A solution. The resultant solution was incubated for 5 min at room temperature and

mixed thoroughly, and the absorbance was measured at 596 nm. The amount of free heparin

capable of binding azure A after polymer:heparin complexes were produced was determined by

comparison of the resulting A596 to a standard heparin curve.

Cell culture. SMCs were isolated as described [331]. SMCs, BAECs, NIH 3T3 mouse fibroblast

cells, and Panc-1 human pancreatic adenocarcinoma cells were maintained in DMEM

supplemented with 10% FBS. B 6-BL6 and B16-F10 mouse melanoma cells were maintained in

MEM supplemented with 10% FBS. SK-ES-I human anablastic osteosarcoma cells were

maintained in 5a media supplemented with 15% FBS. SW-1088 human astrocytoma cells were

maintained in L-15 media supplemented with 10% FBS. All media were supplemented with 100

p.tg/ml penicillin, 100 U/ml streptomycin, and 500 lpg/ml L-glutamine. Adhesion cells were

grown in 75 cm2 flasks or 150 cm- dishes at 37°C in a 5% CO, humidified incubator and

passaged 2-3 times per week at confluence.

FGFRlc-transfected BaF3 cells were maintained as suspension cultures in RPMI-1640

supplemented with 10% FBS and 500 ng mouse recombinant ,-3. Cultures were grown in 75

cm2 flasks at 37°C in a 5% CO, humidified incubator and passaged at a 1:10 dilution three times

a week.

Conjugate internalization. Fluorescein-conjugated heparin (Molecular Probes, Eugene, OR)

was complexed with polymers as for unconjugated heparin. BAECs, SMCs, and NIH 3T3 cells

were grown until confluent, washed with PBS, treated with 4 ml trypsin-EDTA per 150 cm2

tissue culture dish at 37°C for 3-5 min, and collected with 10 ml media. The suspension was

pelletted and resuspended in 10 ml proliferation media. Cell concentration was determined with

an electronic cell counter, and the solution was diluted to 5 x 104 cells/mi. Wells of 96-well

plates were supplemented with 100 pl of cell suspension. For each cell type, three wells per

polymer were treated with polymer-heparin conjugates at a 20:1 (w/w) ratio to yield a final
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heparin concentration of 500 ng/ml. Three wells were treated with an equivalent amount of

polymer alone. Three wells for each cell type were treated with fluorescein-labeled heparin.

Three wells per cell type contained untreated cells. The plates were incubated for 24 hr at 37°C

and 5% CO, and visualized with fluorescence microscopy. Conjugates were defined as having

enabled heparin internalization if 80% of cells showed fluorescence colocalized with cells in 7 of

10 high-powered fields in each of the three wells for the given conjugate, and less than 20% of

cells treated with labeled heparin alone in 7 of 10 high-powered fields for each of the three wells

showed similar colocalization of fluorescence with cells.

For evaluation of internalization rates, SMCs, B16-BL6 cells, and B16-FIO cells were

seeded at 5 x 10 4 cells/ml in 24-well plates. Three wells for each cell type were treated with 10

pl PBS, A5-fluorescein-labeled heparin conjugates (20:1, w/w; I ag/ml), fluorescein-labeled

heparin (l pg/ml), or uncomplexed A5 alone (20 jtg/ml). Cells were visualized with fluorescence

microscopy every hour for 6 hr and again after 24 hr. Requirements for defining internalization

were as described. Digital images were processed with Adobe Illustrator 10.0 and Adobe

Photoshop 7.0.

Whole-cellproliferation assay. Adhesion cells (B16-F10, B16-BL6, SMCs, BAECs, NIH 3T3,

SK-ES-I, Panc-i, and SW-1088) were seeded in 24-well plates at I ml/well as well as in 6-well

plates at 3 ml/well, both at a density of 5 x 104 cells/ml. The plates were incubated for 24 hr at

37°C and 5% CO,. The cells were then washed with PBS and supplemented with media as

appropriate. Cells were treated with PBS, heparin, polymer, or polymer-heparin conjugate in 10

[ll quantities at appropriate concentrations. Cells were incubated at 370C and 5% CO, for 72 hr.

Subsequently, each well was treated with 500 tl (24-well plates) or I ml (6-well plates) trypsin-

EDTA for 5-15 min at room temperature, and 400 l was used for counting the cell number with

an electronic cell counter. Assays were performed in the presence of 0.1% FBS supplemented

with PBS, 5 ng/ml FGF2, or 50 mM sodium chlorate. Panc-i cells were only tested in 10% FBS.

The effects of conjugates were normalized to that of cotreatment without conjugates.

Proliferation assays on transfected BaF3 cells were performed as described [358] with

slight modification. Cells were collected from 75 cm2 flasks, washed three times with FBS-

deficient media, and resuspended in 10 ml FBS-deficient media. Cells were diluted to I x 105

cells/ml based on the reading of an electronic cell counter and plated I ml/well in 24-well plates.
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Wells were treated with PBS, heparin, polymer, or polymer:heparin conjugate in 10 Pl volumes

and incubated for 72 hr at 37°C and 5% CO2. Cell counts were determined with an electronic cell

counter. The conditions employed were similar to those used for adherent cells except that FGF2

was applied at a concentration of 50 ng/ml [358]. The effects of the conjugate were normalized

to the no-conjugate condition.

Immunohistochemisty. B16-F10 cultures were washed three times with PBS, dried overnight,

and stored at ---80°C until use. Cell cultures were rehydrated in PBS for 10 min. After being

blocked for 20 min in PBS containing 0.1% (w/v) BSA, cultures were incubated with c-Myc-

tagged and VSV-tagged anti-HS antibodies (AO4B05, A04B08, AO4F 12, HS4A5, HS4C3,

RB4CD12, RB4CB9, RB4EA12, EW4AI 1, and EW4G2) overnight [481, 482]. Bound

antibodies were visualized with either an anti-c-Myc-chicken monoclonal antibody (A21281:

Molecular Probes) for 90 min and then an Alexa 594-conjugated goat anti-chicken IgG antibody

for 60 min (A11042: Molecular Probes). or a Cy-3-labeled anti-VSV monoclonal antibody

(9E10; Sigma). Cultures were washed three times for 10 min (each time) with PBS after each

incubation. Finally, cultures were fixed in 100% methanol, dried, and embedded in Mowiol

(10% [w/v] in 0.1 M Tris-HCI [pH 8.5]/25% [v/v] glycerol/2.5% [w/v] NaN 3). As a control,

primary, secondary, or conjugated antibodies were omitted. All incubations were performed at

ambient temperature (21C) with antibody titers of half the dilution factor at which signal was

abolished. Photographs were taken with a constant aperture and shutter time on a Zeiss Axioskop

immunofluorescence microscope (GOttingen, Germany) equipped with a Kodak KAF 1400 CCD.

Digital images were processed with Adobe Photoshop 7.0.

Mitogenic assay. B16-FIO cells were plated in 24-well plates at 5 x 10 4 cells/ml in I ml/well.

Cells were serum starved for 24 hr. Polymer-GAG conjugates were added in 10 pLl volumes and

incubated for 21) hr. Cells were incubated with I LtCi/ml H-thymidine (Perkin Elmer, Wellesley.

MA) tfor 4 hr. washed with PBS, and treated with 500 ptl of M NaOH per well. The contents of

each well were transferred to 7 ml scintillation vials containing 5 ml scintillation fluid and

counted with a scintillation counter. Data are reported as CPM.
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Transcription factor and cell death assays. For assessing the affects on transcription factors,

B16-F10 cells were seeded at 5 x 104 cells/ml in 6-well plates in propagation media. Cells were

serum starved and subsequently treated with PBS, A5 (20 ,pg/ml), heparin (g/ml), or A5-

heparin formulated at a 20:1 ratio (w/w). ELISA for transcription factors DP-1, E2F-1, E2F-2,

p107, Rb, and Sp-l proceeded according to the manufacturer's protocol (BD Biosciences, Palo

Alto, CA). The relative change in transcription factor levels was measured with a

spectrophotometric plate reader at 655 nm.

The LDH cytotoxicity assay (Roche, Basel, Switzerland) and the Caspase-3/7 apoptosis

assay (Roche) were performed according to the manufacturers' instructions. B 16-F 10, B 16-BL6,

NIH 3T3, Panc-1, SK-ES-1, and SW-1088 cells were grown to confluence in 150 cm2 dishes.

Cells were trypsinized, pelletted, and resuspended in media. Cell concentration was determined

with an electronic cell counter. The cell suspension was diluted, and cells were plated in 96-well

plates as appropriate. The assays proceeded as described, and the results were determined with a

spectrophotometric plate reader.

Spermine incorporation assay. Spermine incorporation was determined as described [27] with

slight modification. SMCs, B16-BL6 cells, and B16-F10O cells were seeded at 5 x 04 cells/m in

24-well plates in propagation media. Cultures were grown for 24 hr, washed twice with PBS, and

supplemented with FBS-deficient media with 5 M 14C-spermine (Amersham Biosciences,

Piscataway, NJ). Cells were immediately treated with PBS, heparin (1 lg/ml), A5 (20 pig/ml), or

A5:heparin (20: 1, w/w). Cells were treated with 5 mM DFMO, 5 ~tM spermine, or both DFMO

and spermine as controls. After 3, 6, 9, 12, 24, and 48 hr incubations, cells were chilled and

washed with ice-cold FBS-deficient media containing I mM spermine. Cells were lysed with 0.5

ml NaOH, which was then added to 5 ml scintillation fluid, and incorporation was determined

with a scintillation counter.
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Chapter 10. HSGAGs as tools and targets for Burkitt's

lymphoma

10.0 Summary

Burkitt's lymphoma (BL) is a B-cell tumor associated with the Epstein-Barr virus (EBV).

HSGAG-binding proteins and cell surface HSPGs are associated with a worse patient prognosis.

increase EBV gene expression, and promote apoptotic cell death, and. We examined whether

HSGAGs could be used to influence BL cell growth. Exogenous heparin inhibited Daudi cell

growth >30%, but this effect was eliminated by the presence of serum. Heparin internalized with

PAEs has been demonstrated to induce cancer cell death, but was found to promote Daudi cell

proliferation 55.2 2.9%. These effects were PI3K-, Erk/Mek- and cell surface HSGAG-

dependent. We therefore investigated whether cell surface HSGAGs would be an effective target

to inhibit Daudi cell growth. Heparinase I digestion inhibited proliferation by 49.7 + 10.4%.

Heparinase III and protamine sulfate additionally reduced cell growth. This data demonstrates

that cell surface HSGAGs can be used to inhibit BL growth, and are therefore novel potential

therapeutic target.

10.1 Introduction

BL is a highly malignant B-cell tumor characterized by a chromosomal translocation that

causes constitutive activation of c-m7tyc through its juxtaposition with immunoglobulin loci [237].

A translocation to the gH enhancer, t(8:14): the gK locus, t(2;8); or the lgS. locus, t(8;22) is

critical in the initiation of BL, leading to a reduction in ubiquitin conjugates and apoptotic

activity as well as [147, 236]. Gene products of the EBV are involved in promoting the

tumorigenicity of BL, facilitating the deregulation of c-r7oe [412, 413].
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While chromosomal translocations initiate the disease, mounting evidence suggests that

other factors, including extracellular matrix components such as HSGAGs, may be important

regulators of BL. The EBV oncoprotein, latent membrane protein (LMP) 1, for example,

induces the extracellular release of FGF2 from epithelial cells [498]. The expression of FGF2,

whose activity is regulated by HSGAGs, is associated with a worse prognosis in patients with BL

[180, 358]. The expression of syndecan-l, a cell surface HSPG, is correlated with the onset and

proliferation of lymphoma [436]. PMA, which promotes the shedding of syndecan-1 and

syndecan-4 [128], induces the lytic cycle of EBV genes as well as cell apoptosis [193].

Transforming growth factor (TGF)-3, whose activity is also modulated by HSGAGs, elicits the

same effects as PMA [64, 192, 287]. Taken together, these findings suggest that HSGAGs may

be important regulators of BL proliferation and cell death.

The ability of HSGAGs to regulate several diverse processes associated with BL derives

from the 48 potential disaccharide units that compose the 10-100-mer HSGAG [370]. The

specific arrangement of disaccharides allows for the regulation of a wide range of cell processes

[38, 108, 196]. HSGAGs are linear polysaccharides found as the GAG component of HSPGs,

which are found at the cell surface or free in the ECM [427]. The tumorigenicity of an HSGAG

chain is distinct whether it is free in the ECM or attached to an HSPG on the cell surface [274].

Polymer-mediated internalization of heparin can promote tumor cell death in cells not affected

by heparin alone [32]. Since each of the disaccharide composition and the HSGAG location

make important contributions to the cellular response elicited, both aspects must be examined to

understand the potential of HSGAGs as important regulators of BL growth.

In this study, we examined the ability of HSGAGs to influence BL cell proliferation.

Exogenous heparin alone inhibited Daudi cell growth by inducing apoptosis. The growth

inhibitory effects of heparin were abrogated, however, by serum. Internalization of heparin by

PAEs, typically induces cancer cell death [32], but was found to induce proliferation of Daudi

cells. The internalized heparin effect was dependent on cell surface HSGAGs and the

downstream signaling cascades were associated with cell surface HSPG activity. In the presence

of serum, high dose protamine sulfate, hepi, and heplll all inhibited cell growth. These results

demonstrate the importance of HSGAGs in the proliferation of BL cells, and suggest that

HSGAGs may be potential therapeutic targets.
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10.2 Results and Discussion

10.2.1 Heparin inhibits BL cell proliferation

A wealth of evidence has demonstrated that HSGAGs can modulate cancer cell growth

[38, 131, 427]. Since HSGAG binding proteins and HSPGs are intimately connected with both

the lytic cycle of EBV genes and BL cell apoptosis [193, 436, 498], we surmised that HSGAGs

may also effectively regulate BL proliferation, control of which could yield potential therapeutic

agents or identify important cellular targets. To examine the effect of HSGAGs on BL cells,

Daudi cells, a BL cell line that contains the EBV genome and a subset of latent proteins [235,

3231, were treated with heparin. Heparin treatment reduced whole cell number in a dose-

dependent manner. The maximal reduction in whole cell number of 33.8 ± 9.l1% (p < 7 x 10 -4 )

compared to PB-S was observed at I ig/ml heparin (Figure 10.1). The initial experiments were

performed in the absence of serum. To examine if heparin could be effectively used as an agent

to inhibit BL cell growth, Daudi cells in serum supplemented media were treated with heparin.

In the presence of serum, the growth inhibitory capacity of free heparin was reduced to 7.7 ±

9.9%. which was no longer a significant inhibitory effect (p > 0.12).
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Figure 10.1. Heparin inhibits Daudi proliferation. A) Daudi cells were treated with PBS or heparin over a
range of concentrations. Whole cell number was determined after three days. normalized to PBS treatment and
presented as percent reduction in total cell number.
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10.2.2 Polymer 1-heparin conjugates promote BL cell proliferation
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Figure 10.2. Polymer 1-heparin induces Daudi proliferation. A) B16-F10 cells were treated with PBS. 20
ig/ml polymer 1. or polymer -heparin (20:1 ratio, w/w, I ltg/ml heparin). Whole cell number was determined
after three days. and the result was normalized to PBS treatment and presented as percent reduction in total cell
number. The chemical structure of polymer I is inlayed within (A). B) Daudi cells were treated with PBS. 20
,ig/ml polymer 1. or polymer 1-heparin (20:1 ratio. wv/w. I glg/ml heparin). Whole cell number was determined
after three days. and the result was normalized to PBS treatment and presented as percent increase in cell
number. * denotes p < 0.05 compared to PBS treated cells. C) Daudi cells were treated with polymer l-heparin
(20:1. w/w) over a range ofheparin concentrations. Whole cell number was determined after three days. Data is
expressed as percent growth compared to PBS treatment. D) Heparin was pretreated with PBS, hepl. or heplll.
and conjugated with polymer 1. Whole cell number data. obtained after three days. is presented as percent
increase in whole cell number compared to treatment with PBS alone. PBS. hepl. and hepIll refer to the
treatment of heparin prior to conjugation with polymer 1. * denotes p < 0.05 compared to polymer I conjugated
with PBS treated heparin.

Internalizing heparin using polymer 1 induces cell death in several cancer cell lines that

heparin, including those that are not effected by unbound heparin [32]. For example, polymer 1-

heparin conjugates reduce whole cell number by 73.1 2.8% in B16-F10 murine melanoma

cells, while heparin alone had no significant effect (Figure 10.2A). In Daudi cells, however,

polymer l-heparin induced a 58.2 + 8.6% increa.se in whole cell number compared to PBS
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treated cells (p < 2 x 10-; Figure 10.2B). Polymer 1 alone had no significant effect (p > 0.38).

Internalization of polymer 1-heparin conjugates was verified by fluorescence microscopy (data

not shown). To verify the proliferative response, a dose-response curve for polymer 1-heparin

treatment of Daudi cells was subsequently generated (Figure 10.2C). The proliferative capacity

of polymer 1-heparin was dose-dependent with a maximal proliferative capacity of 55.2 + 2.9%

observed at I tig/ml heparin (20 itg/ml polymer 1). Notably, administration of polymer 1-

heparin at concentrations greater than I pg/ml produced less of a proliferative response.

To ensure that the heparin component was essential for the induced proliferation and to

probe the structural components of heparin important in promoting proliferation, heparin was

partially digested with heparinases [31] prior to conjugation. Heparinase treatments did not

prevent binding to polymer 1, as confirmed using an azure A competition assay. Digestion of

heparin with hepl elicited 44.1 10.4% proliferation (Figure 10.2D), which was not

significantlv less than PBS treated heparin (p > 0.13). Digestion with hepIII, however, produced

a proliferative response (15.5 ± 14.0%) significantly less than that of PBS treated heparin (p < 5

x I 0-). and not significantly greater than PBS treatment of Daudi cells alone (p > 0. 11). These

results demonstrate that the proliferative capacity of polymer -heparin requires the HSGAG

component, based on the substrate specificity of the heparinases [104]. Furthermore, digestion

with hepl Il reduces the presence of domains that effectively modulate BL growth.

Daudi cells are the only cells identified to date in which growth is promoted by polymer-

mediated heparin internalization. Of note, the HSGAG component digested by hepII1 was the

essential factor in changing growth rates, while in cells where internalized heparin promotes cell

death, the HSGAG component digested by hepl is critical for inducing apoptosis [32]. Since the

HSGAG component responsible for inducing Daudi proliferation is distinct from that essential

for growth inhibition, we next sought to understand what cellular pathways could be involved in

mediating proliferation. The cellular effects were first examined by MTS assay, in which a

tetrazolium salt is used to detect mitochondrial integrity, by LDH assay, which serves as a

measure of cell death. Polymer 1-heparin produced a dose response curve by MTS assay that

mimicked the whole cell count data (Figure 10.3A), with a maximal response that was 65.4 i

12.5% greater than the PBS control, at 1 Mlg/ml heparin. The LDH cytotoxicity assay

demonstrated a progressive increase LDH release with polymer 1-heparin concentration, with no

observed plateau (Figure 10.3B). At the maximum dose of 10 Ltg/ml heparin a cytotoxic
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response 75.41 6.56% of that induced by Triton-x, the positive control, was observed. Polymer

1-heparin therefore increases cell proliferation and cell turnover.
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Figure 10.3. Polymer 1-heparin promotes both proliferation and cell death. Daudi cells vwere treated with
polymer 1-heparin (20:1. wv/w, I g/ml heparin) over a range of heparin concentrations. A) Proliferation was
measured by MTS assay. Data was normalized as a percent change from the untreated condition. B)
Cytotoxicitv was measured byv LDH assayv. Data was converted to a percentage of the change induced by Triton-
x, the positive control. relative to PBS treatment, the negative control.

To examine if the increase is cell death was a function of merely increased cell number

from induced proliferation or of a distinct process, we examined the cellular response to polymer

1-heparin using a caspase-3/-7 apoptosis assay. Increasing concentrations of polymer 1-heparin

promoted progressively higher levels of caspase-3/-7 activity (Figure 10.4). At the highest

concentration examined, polymer l-heparin induced an apoptotic response that was 19.83 

2.77% of that induced by camptothecin, the positive control. The cellular effects of unbound

heparin were also examined by the caspase-3/-7 apoptosis assay. Heparin concentrations of 1

pg/ml elicited the maximal response observed of 41.5 2.1% of that induced by camptothecin.

The finding that unbound heparin promotes apoptosis may shed insight into why at heparin

concentrations greater than 1 g/ml, polymer 1-heparin induced proliferation decreased, as

measured by both whole cell counts and the MTS assay. PAEs separate from anionic substances

with half-lifes between 6 and 72 hours [285, 286]. If the conjugate has entered the cell, the

released heparin likely contributes to the induction of cell death [32]. At the highest

concentrations, sufficient unbound heparin is likely present to induce apoptosis.
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Figure 10.4. Heparin induces cell death through apoptosis. Daudi cells were treated with polymer -heparin
(20:1. -/wx. I pg/ml heparin) or I pg/ml heparin. Apoptosis was measured using a caspase-3/-7 assay. Data was
converted to a percentage of the change induced by camptothecin. the positive control, relative to PBS treatment.
the negative control.

10.2.3 Cell surface HSGAGs are necessary for polymer 1-heparin induced

proliferation.

We next. examined specific cellular pathways to understand by what mechanism polymer

1-heparin could be promoting proliferation. BL growth and pathogenesis can be influenced by

FGF2 [180. 498], which induces the phosphorylation of P13K and Erk/Mek [343. 344]. Kinase

inhibitors were used to probe whether polymer -heparin could promote proliferation via these

pathways. Both the P13K inhibitor LY294002 and the Erk/Mek inhibitor PD98059 abrogated the

proliferative response of polymer 1-heparin. Polymer l-heparin, however, induced proliferation

with concurrent inhibition of p38 by SB203580 (p < 0.005). Neither LY294002 (p > 0.39) nor

PD98059 (p > 0.64) alone had a direct effect on Daudi whole cell number. These results suggest

that P13K and Erk/Mek are necessary for the proliferative response induced by polymer 1-

heparin.

Daudi cells were subsequently treated with FGF2 and sodium chlorate. Should the FGF2

pathway be important in promoting Daudi proliferation, FGF2 alone should increase whole cell

number, and the combination of FGF2 and polymer -heparin could be additive. Nonetheless,
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FGF2 did not significantly increase Daudi proliferation or augment increases in whole cell

number with polymer 1-heparin (p > 0.71: Table 10.1). Treatment with sodium chlorate, which

prevents heparan sulfate biosynthesis [114, 395], did, however, prevent polymer 1-heparin from

inducing a proliferative response. Chlorate treatment alone did not significantly affect whole cell

number (p > 0.05). Cell surface HSGAGs are therefore necessary for polymer 1-heparin induced

proliferation.

PBS
Polymer 1

Polymer 1-Heparin
Heparin

PBS
100.0 + 12.1
107.2 15.0
154.2 11.4
66.2 12.1

FGF2
100.0 11.3
129.1 ± 12.7
159.8 ± 16.6
65.6 11.9

Chlorate
100.0 11.4
120.7 ± 8.7
92.0± 13.7
69.2 12.3

Table 10.1. Polymer 1-heparin proliferation requires cell surface HSGAGs. Daudi cells were pretreated
with PBS, 50 mM sodium chlorate, or 10 ng/ml FGF2. and subsequently supplemented with PBS. polymer 1.
polymer -heparin (20:1. w/W. I plg/ml heparin). or I g/ml heparin. Whole cell number was determined after
72 hours, and normalized as the percent of the whole cell number after PBS treatment. Data is presented as the
percent of cells present compared to PBS treatment. Italics denote p < 0.05 induced by a media supplement for a
given treatment compared to the same treatment with PBS.

The requirement of cell surface HSGAGs for polymer 1-heparin-mediated proliferation is

of note. Both the Erk and Wnt/J3-catenin pathways are activated and involved in proliferation

downstream of Wnt signaling [518]. Additionally, LMP2A promotes PI3K activity, which is

necessary for the nuclear translocation of -catenin [315]. The overactivation of these pathways

promotes EBV-mediated malignancy [316, 434]. Syndecan-1, a cell surface HSPG, modulates

Wnt signaling, and can play an important role in regulating cancer development downstream of

Wnt [5]. These results suggest that polymer -heparin may induce proliferation by influencing

signal cascades downstream of cell surface HSPGs, including P13K, Erk/Mek, and Wnt/3-

catenin. More importantly, however, these findings suggest that cell surface HSGAGs are a

potential target to prevent BL cell growth.

10.2.4 Targeting BL cell surface HSGAGs maximally inhibits proliferation

We next examined whether cell surface HSGAGs could be effectively targeted to inhibit

proliferation. We first attempted to directly prevent HSGAG activity without changing the

HSGAGs in the ECM. Daudi cells in serum supplemented media supplemented were treated

with protamine sulfate, a protein that is clinically used to counteract the effects of heparin by
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preventing heparin binding to proteins rather than promoting its degradation [76, 465].

Protamine sulfate had no effect at concentrations less than 1 x 105 ng/ml (Figure 10.5). At 1 x

10' ng/ml, however, protamine sulfate induced a 12.9 ± 2.8% reduction in whole cell number (p

<3x 10-6).
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Figure 10.5. Protamine sulfate inhibits Daudi proliferation at high concentrations. Daudi cells in
propagation media were treated with protamine sulfate over a range of concentrations. and whole cell number
was determined after three days. Data is expressed as the percentage of the whole cell number after PBS
treatment. * denotes p < 0.05 compared to PBS treatment.

Since only high concentrations of protmine sulfate inhibited proliferation, we next

attempted to directly digest cell surface HSGAGs. Cells were treated with heparinases, which

differentially digest HSGAGs based on the distribution of sulfate groups. Specifically, hepi

digests highly sulfated regions and hepllI digests undersulfated regions [104]. Daudi cells in

serum supplemented media were treated with heparinases for 24, 48. or 72 hours. Both hepI and

hepIII inhibited proliferation in a dose-dependent manner. For hepI treatments (Figure 10.6A),

incubations for 24 hours were more efficacious than those for 48 or 72 hours at concentrations of

50 LU/ml (p <.3 x 10- 5) and 500 gtU/ml (p < 6 x 10V). Furthermore, the 49.7 ± 10.4% inhibition

obtained with 500 tpU/ml was significantly greater than the maximal inhibitory effect, 33.7 ±

14.5%, obtained with heplll (p < 0.05; Figure 10.6B). The time of incubation did not alter the

inhibitory capacity of heplIl.
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Figure 10.6. Hepl inhibits Daudi proliferation. Daudi cells in propagation media (10% FBS) were treated
with various concentrations of (A) hepl or (B) hepll. and incubated for 24. 48. 72 hours. Cells were counted
after the incubation. and cell number was normalized as the percent reduction in whole cell number compared to
PBS treatment.

These findings reveal that treatment of BL cells with hept provides an efficacious method

to inhibit cell growth. HepIll digestion was demonstrated to eliminate the HSGAG elements

essential to modulate proliferation, and correspondingly, treatment with hepll inhibited

proliferation less than hepl. Nonetheless, the ability of heparinases and high dose protamine

sulfate to inhibit Daudi cell growth validates cell surface HSGAGs as an important and novel

target that can be used to prevent BL growth. Future work focusing on how best cell surface

HSGAGs can be used to inhibit BL proliferation will ultimately establish the therapeutic value of

this target.

10.3 Significance

BL is a highly malignant B-cell cancer. HSPGs and HSGAG-binding proteins play an

important role in determining the progression of this cancer as well as patient prognosis.

HSGAGs may therefore be useful targets for the treatment of this cancer. Although exogenous

heparin can inhibit growth, its effects are abrogated by serum. Heparin internalized by

conjugation to PAEs, which normally induces cancer cell death, promoted BL cell growth.
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Using this new tool to impact cell function, the key elements by which internalized heparin

promotes cell growth were probed. The induced proliferation was dependent on cell surface

HSGAGs, PI3K activation, and Erk/Mek activity. These three elements are all intimately related

to the Wnt/f-catenin signal cascade, which is important in the pathogenesis of several cancers

including BL. As a result, cell surface HSGAGs were identified as a potential therapeutic target.

The ability of high dose protamine sulfate as well as heparinase treatment to inhibit proliferation

validated this novel target. This report demonstrates that internalized heparin can serve as a new

tool to probe cell function when heparin alone cannot. Furthermore, cell surface HSGAGs were

identified and confirmed as a potential therapeutic target for BL.

10.4 Experimental Procedures

Polynmer-heparin conjugate synthesis. A single polymer, "polymer 1," was selected for this

study based on previous screens of a 140-polymer library which identified an optimized PAE-

heparin conjugate that elicited a maximal cellular mediated response [32]. Polymer 1 was

prepared as described [286]. To form polymer 1-heparin conjugates, polmer 1 was dissolved

with vortexing in 25 mM sodium acetate, pH 5.0, and mixed with porcine intestinal mucosa

heparin (Celsus Laboratories, Columbus, OH) in 25 mM sodium acetate to produce a 20:1

polymer:heparin ratio (w/w). The mixture was shaken for 30 minutes at room temperature. The

complexes were stored at 4"C until use, which was no more than 3 hours after conjugation.

Whole cell proliferation assay. Daudi human BL cells (American Type Culture Collection,

Manassas, VA) were maintained as suspension cultures, grown in 75 cm2 flasks at 37"C in a 5%

CO2 humidified incubator, and passaged 1:10 by dilution three times a week. Daudi cells were

grown in propagation media composed of RPMI-1640 (GibcoBRL, Gaithersberg, MD), 10%

FBS (Hyclone. Logan, UT), 100 ptg/ml penicillin, 100 U/ml streptomycin, and 500 itg/ml L-

glutamine (GibcoBRL).

Daudi cells were collected from 75 cm' flasks, washed three times, and resuspended into

10 ml FBS-deficient media or proliferation media as appropriate. Cells were diluted to I x 10'

cells/ml based on the reading of an electronic cell counter, and plated I ml/well in 24-well plates.
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Wells were treated with PBS, heparin, polymer 1, or polymer 1-heparin conjugate in 10 tl

volumes, and incubated for 72 hours at 370 C, 5% CO 2. Polymer 1-heparin conjugates were

additionally supplemented with 50 pM LY294002, 20 pM PD98059, or l tM SB203580, 50 mM

sodium chlorate, or 10 ng/ml FGF2, as appropriate. Whole cell number was converted to a

percent increase in whole cell number relative to PBS treatment unless otherwise indicated.

For digested heparin experiments, heparin at 20 ~pg/ml in PBS was incubated with 5

mU/ml hepl, 5 mU/ml heplll, or an equivalent volume of PBS for 30 minutes. Partial digestion

was confirmed by UV spectroscopy at 232 nm [31]. Digested heparin was subsequently

conjugated with polymer 1. Polymer 1 binding to the heparin fragments was confirmed using an

azure A competition assay as described [32]. Daudi cells, plated at I x 105 cells/ml in 24-well

plates, I ml/well, were treated with conjugates (20:1 ratio, w/w, I Plg/ml heparin) or an

equivalent volume (1011) of PBS. After incubating for 72 hours at 370C, 5% CO,, the resultant

whole cell count was determined by electronic cell counter, and data was converted to a percent

growth relative to Daudi treated with PBS alone.

To examine the effects of protamine sulfate and heparinases on Daudi growth, cells were

collected from 75 cm2 flasks, pelletted, and resuspended into 10 ml propagation media. Cells

were diluted to 1 x l05 cells/ml based on the reading of an electronic cell counter, and plated 1

mVl/well in 24-well plates. Protamine sulfate was added between I ng/ml and 100,000 ng/ml.

Hepl and hepllT were added between 0.5 and 500 [tU/ml for 24, 48, or 72 hours. Whole cell

counts from were converted to percent reduction in whole cell number relative to PBS-treated

cells.

Conjugate internalization. Fluorescein-conjLlgated heparin (Molecular Probes, Eugene, OR)

was complexed with polymer 1. To determine whether polymer 1 conjugation enabled

internalization, confluent Daudi cultures were washed in FBS-deficient media and resuspended

in FBS-deficient media. Cells were diluted to 1 x l0' cells/ml based on the reading of an

electronic cell counter, and plated 1 ml/well in 24-well plates. Polymer -heparin conjugates

(20:1, w/w, I g/ml heparin), 20 lig/ml polymer 1, 1 ,g/ml unconjugated fluorescein-labeled

heparin, and an equivalent volume of PBS (101l), were each added to four wells. Cells were

incubated for 24 hours at 370 C, 5% CO 2, and visualized by fluorescence microscopy. Digital
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images were captured using Scion Image and processed using Adobe Illustrator 10.0 and Adobe

Photoshop 7.0.

Spectrophotometic assays. Daudi cells were grown to confluence in 75 cm2 plates. Cells were

washed and resuspended in FBS-deficient media. The cell suspension was diluted as appropriate

based on the reading of an electronic cell counter and cells were plated in 96-well plates. The

MTS proliferation assay (Promega, Madison, WI), the LDH cytotoxicity assay (Roche, Basel

Switzerland) and the caspase-3/-7 apoptosis assay (Roche) were performed as per manufactures'

instructions, and the results were determined using a spectrophotometric plate reader. MTS data

was normalized as a percent change relative to PBS-treated cells. LDH data was normalized as

the percent change of that induced by the positive control (Triton-x) relative to the negative

control (PBS). Caspase-3/-7 data was similarly normalized as the percent reduction of that

induced by the positive control (camptothecin), relative to the negative control (PBS).
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Chapter 11. Heparin and internalized heparin: dual

mechanisms to Inhibit prostate cancer growth

11.0 Summary

FGF family members play an important role in the growth and progression of prostate

cancer. The activity of FGFs is modulated by HSGAGs, which interact with FGFs as well as

their cell surface tyrosine kinase receptors. The ability of HSGAG to regulate prostate cancer

growth was investigated. Heparin was found to prevent PC-3 cell growth. This growth

inhibition was attributed to heparin preventing FGF2-mediated proliferation. PC-3 tumor growth

was also inhibited by heparin in vivo. The ability of heparin conjugated to PAEs, which promote

endocytosis preferentially into cancer cells and subsequent apoptotic cell death, was additionally

examined. Internalized heparin inhibited PC-3 growth more efficaciously than heparin alone in

vitro. In vivo, internalized heparin prevented PC-3 tumor growth. While heparin alone had an

anticoagulant effect in vivo, associated with reducing cancer mortality in humans by preventing

pulmonary embolism, no such effect was observed with PAE-heparin conjugates. Heparin and

internalized heparin can each be used to effectively inhibit prostate cancer growth. The specific

systemic response, however, is governed by whether heparin is free or bound to PAEs.

11.1 Introduction

In American men, prostate cancer is the most common cancer and second leading cause

of cancer death [206]. The growth and progression of prostate cancers has been associated with

the activities of FGF and the FGFR. FGF 1 [95], FGF2 [151], FGF6 [404], FGF8 [94], and FGF9

[152], for example, have each been demonstrated to be produced by and to regulate the activity

of prostate cancer cells. The corresponding FGFRs that can support signal transduction

downstream of the various FGF are also expressed by prostate cancer cells [1 18, 151, 356, 407].
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The presence of FGFs and FGFRs provides the basis for an autocrine loop by which FGF activity

is through to enhance prostate cancer cell proliferation [356].

FGF2 and its receptor, FGFRI, have emerged as critical regulators of prostate cancer as

well as benign prostatic hypertrophy [151, 152, 381, 403, 407]. The mechanism by which FGF2

affects cell behavior has been extensively studied. FGFs interact not only with cell surface

tyrosine kinase FGFRs but also the HSGAG component of HSPGs [153, 348, 396]. HSGAGs

interact with both the ligand and the receptor, promoting ligand and subsequent receptor

oligomerization, tyrosine kinase phosphorylation, and signal transduction [163, 213, 389, 511].

HSGAGs would be expected to modulate prostate cancer given the importance of FGFs and

FGFRs.

Cancer growth, progression, and mortality can all be influenced by HSGAGs [196, 523].

The 48 disaccharide building blocks that compose the 10-100-mer HSGAG biopolymer allow

HSGAGs to regulate a wide variety of important processes involved with cancer, including

growth factor activity and angiogenesis [133, 196, 370]. When in the ECM, HSGAGs can bind

growth factors and angiogenesis promoters, preventing their activity [116]. Heparin, a highly

sulfated HSGAG, can reduce the mortality associated with cancer by preventing fatal pulmonary

embolisms secondary to deep venous thrombosis [79, 523]. Nonetheless, the potential

therapeutic use of HSGAGs in prostate cancer has not been examined.

In this study, we examined how HSGAGs influenced PC-3 growth. both in vitro and in

vivo. Heparin was found to successfully inhibit cell growth by preventing FGF2-mediated

proliferation. Sufficiently high doses of heparin also inhibited tumor growth in vivo.

Additionally, we examined whether controlled internalization of heparin by conjugation to

PAEs, which targets cancer cells based on their increased endocytic rate and induces apoptotic

cell death [32], could also prevent PC-3 growth. Internalized heparin more effectively inhibited

PC-3 growth in vitro than heparin, and was not permissive to in vivo tumor growth. Heparin can

therefore be used in multiple ways to prevent prostate cancer growth.
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11.2 Results and Discussion

11.2.1 Heparin inhibits PC-3 proliferation by preventing FGF2-mediated

growth.

Human prostate cancer cells express FGFs as well as the appropriate FGFR isoforms to

enable a cellular mediated response both in vitro and in vivo [82, 94, 95, 151, 152, 260, 403-

405]. Autocrine FGF activity through cell surface FGFRs is common in human prostate cancer.

Prostate cancer cells additionally switch their FGF and FGFR expression with invasion and

malignancy [510]. FGF is thought to enhance prostate cancer cell proliferation.

PC-3 cells are androgen-insensitive and highly metastatic human prostate cancer cells,

whose survival can be increased by FGF2 [322, 407]. FGF2 and FGFRI are critical regulators of

prostate cancer tumorigenicity [118]. HSGAGs are known to alter the growth and progression of

cancers through a variety of mechanisms including via FGF2 [274]. Although HSGAGs serve to

enhance the activity of FGF2 by promoting ligand dimerization, ternary complex formation, and

downstream signal transduction [511], extracellular heparin can serve as a biological 'sink,"

binding FGFs and preventing cellular mediated responses [116]. Heparin could therefore be an

effective tool to inhibit prostate cancer growth and progression.

To investigate whether HSGAGs could be used to inhibit human prostate cancer cell

growth, PC-3 cells were treated with heparin, and the effect on proliferation was determined.

Heparin reduced PC-3 whole cell number in a dose-dependent manner (Figure 11.1A), with a

maximal effect of 21.0 ± 4.4% at 500 ng/ml. HS also reduced whole cell number in a dose-

dependent manner. A maximal response of a 14.3 ± 2.6% reduction in whole cell number was

observed at I ,ug/ml, the maximal concentration tested. Nonetheless, heparin elicited a more

potent response than HS. To confirm the ability of HSGAGs to inhibit PC-3 growth, heparin

was pretreated with PBS, hepl, or heplll. Partial digestion was confirmed and quantified by UV

spectroscopy at 232 nm [31]. PBS-treated heparin reduced whole cell number 17.8 2.5%

(Figure 11.1B), not significantly different from the cellular response elicited with hepll

digested heparin (p > 0.45). Hepl treated heparin only reduced whole cell number by 7.0 +

3.5%, significantly less than PBS-treated heparin (p < 0.006). Highly sulfated HSGAGs

therefore elicit the greatest growth inhibitory response from PC-3 cells.
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Figure 11.1. Heparin inhibits PC-3 proliferation. A) PC-3 cells were treated with various concentrations of
heparin or HS. B) Ileparin pretreated with PBS. hepl. or hepill was applied to PC-3 cells. Whole cell number
vas determined after a 72 hour incubation. Data was normalized to the final wvhole cell number of PBS-trcatcd
cells and presented as the percent reduction in final whole cell number.

We next sought to determine how heparin elicited its growth inhibitory effects. PC-3

cells produce FGF2, 80-90% of which remains in the cytoplasm while the other 10-20% is

secreted into the ECM [82]. Heparin can inhibit the activity of angiogenic factors by preventing

their interaction with cell surface HSGAGs [116]. To investigate whether heparin reduced whole

cell number by inhibiting FGF2 activity, we first verified that PC-3 cells could respond to FGF2.

RT-PCR demonstrated that PC-3 cells predominantly expressed FGFRIc (Figure 11.2A), which

supports the activity of FGF2 [30. 348]. The addition of FGF2 induced the proliferation of PC-3

cells, with a maximal effect of 15.6 ± 3.1% observed with 100 ng/ml FGF2 (Figure 11.2B). To

investigate whether heparin could reduce whole cell number by preventing FGF2 activity, PC-3

cells were treated with 100 ng/ml FGF2 and varying concentrations of heparin (Figure 11.2C).

Heparin concentrations of 50 ng/ml and less permitted FGF2-mediated proliferation. At 100

ng/ml heparin, however, the increase in whole cell number was reduced to 7.7 ± 3.0%, and at

500 ng/ml heparin, the cells responded as if no FGF2 had been added (-0.9% + 2.4%). Heparin

can therefore prevent FGF2-mediated cell growth.

To confirm that heparin inhibited proliferation by preventing FGF2 activity, we next

examined whether other techniques to block FGF2 and its downstream signaling would similarly

reduce whole cell number. Correspondingly, treating PC-3 cells with antibodies to FGF2 (56.6 +
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2.2%; p < 1 x 10- 1°) or to FGFRI (58.2 1.8 p < 3 x 10-12) reduced whole cell number.

Furthermore, the addition of heparin failed to reduce whole cell number when cells were

pretreated with antibodies to FGF2 (-5.0 ± 6.0; p > 0.14) or FGFRI (0.0 ± 4.5%; p > 0.99).

Antibodies to FGFR3 did not prevent heparin from reducing whole cell number (p < 2 x 10-6).

The specificity of the various antibodies was confirmed (data not shown) by performing

proliferation assays with BaF3 cells transfected with specific FGFRs [30, 33].
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Figure 11.2. Exogenous heparin inhibits FGF2-mediated proliferation. A) RT-PCR was performed on PC-
3 cells for actin (ACT) as well as FGFR isoforms (lb. Ic. 2b. 2c. 3b. 3c. and 4). B) Various concentrations of
FGF2 were administered to PC-3 cells. C) PC-3 cells were treated with 100 ng/ml FGF2 and various
concentrations of heparin. Whole cell number was determined after a 72 hour incubation. Data was normalized
to the final whole cell number of PBS-treated cells and presented as the percent increase in final whole cell
number.

Inhibition of processes downstream of FGF2, with LY294002, PD98059, or U0126,

similarly prevented heparin-mediated growth inhibition. LY294002 inhibits PI3K, which is

downstream of FGFRs [309]. PD98059 and U0126 inhibit Erk/Mek and Mek respectively,

which are associated with the proliferative activities of FGF2 through FGFRI [72]. The use of

kinase inhibitors such as SB203580, which are not downstream of FGF2, however, had no effect.

These findings provide additional evidence that heparin prevents FGF2 activity, thereby

inhibiting PC-3 proliferation.
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11.2.2 Heparin inhibits PC-3 cell growth in vivo.

Given the ability of heparin to inhibit PC-3 cell growth in vitro, we next examined its

effects in vivo. PC-3 tumors were formed in the flanks of mice, allowed to grow, and heparin

was injected intratumorally, either each experimental day or only once. Tumors were first

injected with heparin each day ranging between 5 ng and 50 utg per injection, for eight days.

Heparin injections inhibited tumor growth compared to the vehicle (NaOAc) control (Figure

11.3A). Increasing amounts of heparin progressively increased the magnitude of the growth

inhibitory effect of heparin uip to 500 ng. Injections of greater amounts of heparin, however, did

not inhibit PC-3 tumor growth to a greater extent.
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Figure 11.3. Heparin inhibits PC-3 tumor growth in vivo. PC-3 cells were injected into mouse flanks and
allowed to rok% to -O5 mm3 tumors. A) Tumors xxcre treated ith dai? injections of NaOAc (the negate
control). 5 ng. 50 n. or 500 ng heparin. and tumor size was measured over eight days. * denotes p > 0.05 flbr
tumors treated with 500 ng heparin compared to NaOAc. denotes p > 0.05 tr tumors treated with 5 n-
heparin compared to NaOAc. denotes p > 0.05 for tumors treated w~ith 5 ng heparin compared to NaOAc. B)
Tumors were injected only on day 0, with NaOAc (the negative control), 500 ng. or 400 pg heparin * denotes p
< 0.05 olr heparin treatment compared to the NaOAc control. Tlumor olume was measured oker eight da s.
Measurements on day 8 are presented. Data is presented as tumor size from day x/tumor size from day . A
\alue of I denotes no growNth. * denotes p < 0.05 compared to NaOAc.

The effects of single dose heparin was then determined (Figure 11.3B). PC-3 tumors

were injected with heparin between 500 ng and 400 g (8 x 50 tg). Treatment with 500 ng

heparin significantly reduced tumor growth from 4.0 :± 1. -times the day 0 tumor (with NaOAc)

to 2.3 ± 0.8-times the day 0 tumor (with heparin treatment; p < 0.05). Increasing doses inhibited
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tumor growth to a greater extent, with the most efficacious response observed with 400 pag,

where final tumor volume was 1.6 ± 0.8-times the size of the day 0 tumor, -61% (p < 0.02)

smaller than the NaOAc treated tumor. The highest dose of heparin therefore prevented tumor

growth. No other single dose or repeated dose that was examined elicited this effect.

These results demonstrate that heparin effectively inhibits tumor growth. The importance

of FGF-FGFR signaling has been well supported in cancer cell lines, in animal models, and in

human tissues. The in vitro results demonstrate that heparin does inhibit FGF2 signaling and the

same mechanism may enable in vivo prostate cancer growth inhibition. This mechanism was not

confirmed in the in vivo experiments performed, but extensive evidence has previously validated

this possibility [116, 356, 381]. Small molecule inhibitors of FGFR signaling have additionally

shown preliminary success as a potential cancer therapy in clinical trials [251]. Especially as

FGF2 release may be associated with more aggressive prostate cancers [82], the results presented

suggest that heparin treatment may serve as an important therapeutic in prostate cancer, both by

preventing tumor growth, and by preventing coagulation-related complications associated with

cancer [79, 523].

11.2.3 Internalized heparin induces PC-3 cell death

Heparin itself has been demonstrated to have a wide range of potential roles in cancer

growth and progression [427], and the data presented suggest potential therapeutic value in

prostate cancer by inhibiting essential autocrine factors. The polydispersity of HSGAGs leads to

a low percentage of sequences that regulate a given process and therefore, an increased potential

for secondary, and possibly undesirable, activities [499]. Conjugating heparin with PAEs forms

positively charged complexes that enable endocytosis, preferentially into cancer cells [32]. The

selectivity of PAE-heparin conjugates for cancer cells is based on their increased rate of

endocytosis relative to non-transformed cells, which is associated with the upregulation of

factors found in epithelial tumors including those of the prostate and colon [394, 410]. We

therefore investigated whether PAE-heparin conjugates would offer a more efficacious and

potentially safer method to target cancer cells with heparin.

Initial studies with PAE-heparin conjugates focused on selected members of a 140-

member polymer library [32, 286]. A subsequent library of 2350 polymers was constructed by

the combinatorial addition of 94 amines and 25 diacrylates [7]. Nine polymers (C32, D94, E28,
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F28, F32, U28, U32, JJ28, and JJ32) selected from previous screens to have the best i vitro

transfection rates [7] were used to examine the effects of internalized heparin on PC-3 cells at

polymer:heparin (w/w) ratios of 10:1, 20:1, 30:1, 40:1, and 60:1, all using a final heparin

concentration of I plg/ml [32]. The results of this screen identified three polymers that produced

the greatest reduction in whole cell number: C32 (60:1), U 28 (60:1), and F32 (10:1). At the

concentrations examined, polymer alone did not affect whole cell number (data not shown). The

ability of these polymers to internalize heparin was subsequently verified by fluorescent

microscopy using fluorescein-conjugated heparin [32]. These three polymers were tested

specifically to validate the growth inhibition observed on the first screen (Figure 11.4A). C32

(19.4 ± 2.5% p <: 6 x 10-5), U28 (20.1 6.6%; p < 0.008) and F32 (48.4 i 3.2: p < 6 x 10-6)

again showed substantial growth inhibition, with the greatest effects observed with F32.
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Figure 11.4. Internalized heparin inhibits PC-3 proliferation more efficiently than heparin alone. A)
PAlE-heparin conjugates were formed at 60:1 (w/w) for C32. 60:1 (w/w) for LJ28. and 10: :1 (/-) for F32 with I

It,)/ml heparin. and used to treat PC-3 cells. B) 32 was conjugated at 10:1 (/w) wxith hcparin. and added to
PC(-3 cells at various heparin concentrations. Whole cell number was determined alter a 72 hour incubation.
Data was normalized to the final whole cell number of PBS-treated cells and presented as the percent reduction
in inal x hole cell number.

A dose-response curve was produced using F32, which demonstrated that the -50%

growth inhibition observed could not be elicited by heparin concentrations less than I g/ml

(Figure 11.4B). Furthermore, F32 alone at 10 Vtg/ml did not alter whole cell counts. PC-3 cells

were then treated with polymer-heparin conjugates for two hours, washed, and incubated for
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three days in unsupplemented media to determine if increases in magnitudes of response were

related to more rapid internalization, as previously demonstrated [32]. C32 and U28 had no

effect, while F32 treatment for two hours reduced whole cell number by 10.0 ± 0.8% (p < 0.02).

11.2.4 Internalized heparin prevents PC-3 tumor growth

F32-heparin conjugates inhibited PC-3 cell growth not only better than the other

polymer-heparin conjugates examined, but also more effectively than heparin alone. We

therefore examined the effects of F32-heparin conjugates in vivo. PC-3 tumors were treated once

with heparin (5 pag to 400 ptg), F32-heparin (10: 1, w/w polymer:heparin, 5 ltg to 400 ltg heparin),

or NaOAc, and tumor volume was measured over 8 days. Liver function tests and complete

blood counts were performed to identify any systemic toxicity associated with heparin or F32-

heparin. No measure was significantly different than that observed with NaOAc treated rats.

Consistent with previous data, heparin alone inhibited tumor growth in a dose-dependent

manner. with the highest dose (1.7 7

0.9-times the original tumor volume) 6

preventing significant tumor growth

(Figure 11.5). F32-heparin cn

conjugates effectively prevented E 4

tumor growth at each of 5 g (1.5 i .~ 3

0.4-times the original tumor a 2

volume), 50 g (1.4 + 0.5-times the 1

original tumor volume), and 400 pg Z:~~~~~~~ ~0
NaOAc 5 50 400

(1.1 ± 0.3-times the original tumor
Heparin Dose (ug)

volume). Polymer alone had no
Figure 11.5. Internalized heparin prevents PC-3 tumor

significant effect on tumor size (p > growth. PC-3 cells were injected into mouse flanks and allowed
to row to -50 mm3 tumors. Tumors were injected once, with

0.63). F32-heparin inhibited tumor NaOAc (the negative control) 5 g. 50 jag. or 500 ytg heparin. or

growth significantly more than the equivalent amounts of heparin conjugated to F32 at a 10:1
polymer:heparin ratio (w/w). Tumor volume was measured over

heparin alone at doses of 5 g (p < eight days. NMeasurements on day 8 are presented. Data is
presented as tumor size from day x/tumor size from day 0. A

0.005) and 50 gtg (p < 0.004). At 50 value of I denotes no growth. * denotes p < 0.05 compared to
NaOAc. t denotes p < 0.05 for heparin compared to polymer-

Clg and 400 lag, tumors did not grow. heparin conjugates.
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The anticoagulant effects of heparin and F32-heparin were additionally examined.

Heparin reduces cancer-associated mortality through anticoagulant effects [79, 523]. Anti-Xa

and anti-IIa activities were first measured in vitro. Heparin produced a Xa/IIa ratio of 1.3,

consistent with previous findings [314]. Neither Xa nor IHa activity was detectable, however,

with F32-heparin. The anticoagulant effects of heparin and F32-heparin were next examined in

vivo. Serum was then collected from animals treated with heparin and F32-heparin, and the

anticoagulant effects were determined. All doses of heparin had significant anticoagulant

effects, while F32-heparin demonstrated no change in the anticoagulant profile of treated mice

(data not shown). The coagulation assays additionally suggest that F32-heparin elicited the

increased magnitude of response by heparin internalization rather than by slow-release. Should

F32-heparin conjugates act through slow release of heparin. an anticoagulant effect would have

been expected, albeit potentially less than that elicited by heparin alone. The absence of any

detectable anticoagulant effect is not consistent with a slow-release mechanism. Furthermore,

single dose heparin yielded a greater magnitude of response was than repeated doses. F32-

heparin therefore increases the magnitude of growth inhibition in a slow release-independent

manner, consistent with the previously validated heparin internalization mechanism [32].

Internalized heparin is therefore an effective way to prevent prostate cancer growth, both

in vitro and in vivo, and thus warrants further investigation as a potential cancer therapeutic for

prostate cancer as well as other cancers. The ability of internalized heparin to inhibit prostate

cancer growth, better than heparin alone, validates the use of endocytic rate as a mechanism by

which cancer cells can be targeted [32, 271]. Additionally. no side effects were detected by liver

function tests, complete blood counts or coagulation assays. PAE-heparin conjugates therefore

have increased anti-cancer activity in vivo with reduced side effects.

The data presented demonstrates that heparin can be harnessed to inhibit cancer growth

by multiple mechanisms [271]. Heparin alone can prevent the activity of angiogenic and tumor

growth promoting factors such as FGF2 [116], and therefore inhibit PC-3 growth in vitro and in

vivo. while also exhibiting anticoagulant effects. As a result, heparin alone would serve as an

important secondary anti-cancer agent by reducing tumor growth as well as potential

coagulation-related mortality events [79, 523]. Conjugating heparin to PAEs can promote more

potent growth inhibition without anticoagulant behavior. PAE-heparin conjugates would thus

better function as a primary anti-cancer agent. Tailoring the delivery mechanism can therefore
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change the anti-cancer behavior of heparin, an effect that can be harnessed to achieve a desired

subset of therapeutic behaviors.

11.3 Significance

The importance of HSGAGs in regulating cancer growth, progression, and mortality has

been a subject of increasing study. HSGAGs can regulate the activities of cancer cells through

anticoagulant and growth factor pathways. Prostate cancer is notable because of the well defined

involvement of FGFs and FGFRs. The ability of HSGAGs to modulate FGF activity suggests

that HSGAGs may be important regulators of prostate cancer with potential therapeutic value.

This study investigated the ability of heparin and internalized heparin to prevent prostate cancer

growth both in vitro and in vivo. Correspondingly, heparin inhibited PC-3 cell and tumor

growth, with high doses of heparin preventing increases in tumor size. Internalized heparin

produced a greater degree of growth inhibition in vitro, and abrogated tumor growth at a dose

-10 O-fold lower than heparin alone. This finding demonstrates, for the first time, that internalized

heparin is an effective method to target and kill cancer cells in vivo. Furthermore, no changes

were observed in liver function tests or complete blood counts, validating both heparin and

internalized heparin as potentially non-toxic approaches. Heparin, unlike internalized heparin,

did have an anticoagulant effect. Taken together, these results suggest that heparin would be

useful as a secondary agent in prostate cancer by inhibiting tumor growth as well as reducing

coagulation related complications such as fatal pulmonary embolism secondary to deep venous

thrombosis. Additionally, internalized heparin warrants further investigation as a potential

primary anti-cancer agent for prostate cancer and other malignancy.

11.4 Experimental Procedures

Proteins and reagents. FBS was from Hyclone (Logan, UT). L-glutamine,

penicillin/streptomycin, PBS, and Trizol reagent were obtained from GibcoBRL (Gaithersburg,
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MD). Porcine intestinal mucosa heparin was from Celsus Laboratories (Columbus, OH).

Recombinant human FGF2 was a gift from Scios, Inc. (Mountainview, CA). Recombinant

heparinases were produced as described [326]. Kinase inhibitors LY294002, PD98059,

SB203580, and U0126 were from Promega (Madison, WI).

Cell culture. PC-3 cells (American Type Culture Collection, Manassas, VA) were maintained in

Ham's FI2K medium (American Type Culture Collection) supplemented with 1.5 mg/mL

sodium bicarbonate 100 itg/ml penicillin, 100 U/ml streptomycin. 500 !tg/ml L-glutamine and

10% FBS. Cells were grown in 75 cm2 flasks at 370 C in a 5% CO, humidified incubator.

Confluent cultures were split 1:3 to 1:6, two to three times per week.

Proliferation assys. PC-3 cells were grown until confluence in 75 cm' flasks. Each flask was

washed with 20 ml PBS, and treated with 3 ml trypsin-EDTA at 37°C for 3-5 minutes, until cells

detached. Cells were centrifuged for 3 minutes at 195 x g, the supernatant was aspirated, and the

cells were resuspended in 10 ml media. The cell suspension was diluted to 50,000 cells/ml based

on the readings of' an electronic cell counter. The suspension was plated I ml/well into 24-well

tissue culture plates. After a 24 hour incubation in a 5% CO,, 37"C humidified incubator, the

cells were washed with serum free media, supplemented with media containing 0.1% FBS. and

incubated for 24 hours. Cells were treated with heparin, HS or FGF2 as appropriate. Heparin

was added at 500 ng/ml unless otherwise noted. FGF2 was added at 100 ng/ml unless otherwise

specified. Cells were then incubated for 72 hours. Wells were then washed twice with PBS and

treated with 0.5 ml trypsin-EDTA/well and incubated for 10 minutes at 370 C. Whole cell

number was determined using an electronic cell counter. Data was averaged over three

experiments, each consisting of four wells per condition.

For antibody and kinase inhibitor experiments, antibodies and kinase inhibitors were

added prior to HSGAGs or FGF2. Antibodies to FGF2, FGFRI, or FGFR3 were added to yield a

final dilution of 1:100. Kinase inhibitors were added sufficient to yield final concentrations of

50 piM LY294002, 20 pM PD98059, 20 M U0126, and lIM SB203580.

To produce heparin digests, heparin was treated with PBS, hepl, or hepIll for 30 minutes,

and boiled for 30 prior to addition to cells. Digestion was verified and quantified by UV
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spectroscopy at 232 nm [31]. Digests were added to yield a final HSGAG concentration of 500

ng/ml.

Polymer-heparin conjugates. Nine polymers (C32, D94, E28, F28, F32, U28, U32, JJ28, and

JJ32) were selected from a library of 2350 PAEs, as they enabled highly efficient DNA

transfection [7]. Polymers were prepared as described [7]. To form conjugates, PAEs at 100

mg/ml in dimethyl sulfoxide were added to heparin in 25 mM NaOAc as appropriate to yield the

desired PAE:heparin (w/w) ratio. The mixture was shaken gently at room temperature for five

minutes, and diluted in PBS as appropriate for subsequent assays. Conjugates were used

immediately after synthesis

A preliminary screen was performed on PC-3 cells by proliferation assay using the nine

polymers described at polymer:heparin (w/w) ratios of 10:1, 20:1, 30: 1, 40:1, and 60:1. The

three best formulations (polymer and ratio) were selected and analyzed further. From this, a

single best polymer was selected for subsequent use. In vitro assessment of polymer activity was

measured by proliferation assay with a heparin concentration of g/ml [32]. In vivo

assessment was performed by intratumoral injection.

RT-PCR. A quantity of 5 Pg of total RNA was isolated from PC-3 cells using Trizol reagent

(Life Tech, Rockville, MD), and reverse transcription was performed with random hexamers.

Specific oligomers were designed based on the published sequences of FGFR isoforms in order

to detect their expression. Sequences of primer pairs corresponding to distinct FGFR isoforms

were as follows: FGFRIb: 5'-TGG AGC AAG TGC CTC CTC-3' and 5'-ATA TTA CCA CTT

CGA TTG GTC-3'; FGFRlc: 5'-TGG AGC TGG AAG TGC CTC CTC-3' and 5'-GTG ATG

GGA GAG TCC GAT AGA-3; FGFR2b: 5'-GTC AGC TGG GGT CGT TTC ATC-3' and 5'-

CTG GTT GGC CTG CCC TAT ATA-3'; FGFR2c: 5'-GTC AGC TGG GGT CGT TTC ATC-

3' and 5'-GTG AAA GGA TAT CCC AAT AGA-3'; FGFR3b: 5' GTA GTC CCG GCC TGC

GTG CTA-3' and 5'-GAC CGG TTA CAC AGC CTC GCC-3'; FGFR3c: 5'-GTA GTC CCG

GCC TGC GTG CTA-3' and 5'-TCC TTG CAC AAT GTC ACC TTT-3'; and FGFR4: 5'-CCC

TGC CGG GAT CGT GAC CCG-3' and 5'-TCG AAG CCG CGG CTG CCA AAG-3'. To

control for total cell protein, RT-PCR was also performed on 3-actin using the primers 5'-GCC

Page 196



AGC TCA CCA TGG ATG ATG ATA T-3' and 5'-GCT TGC TGA TCC ACA TCT GCT GGA

A-3'. PCR was performed using the Advantage-GC cDNA kit from Clontech as per

manufacturer's instructions (Palo Alto, CA). Prior to experimental use, primers were confirmed

to detect and have specificity towards given FGFR isoforms using BaF3 cells transfected with

various FGFRs [30, 31].

Measurement of anti-coagulant activity. I vitro anti-Xa and anti-IIa experiments were

performed as described [457, 462-464]. The anti-Xa assay was performed by using S-2222 as

the chromogenic substrate. The anti-lla assay was performed by using S-2238 as the

chromogenic substrate.

For in vivo assessment of Factor Xa and Factor IIla activity, mice were treated with

heparin or F32-heparin and sacrificed by CO2 asphyxiation within 24 hours. Cardiac puncture

was used to collect -500 ptl blood per animal. For coagulation studies, blood was centrifuged

the plasma was extracted, and the activities of plasma Factors Xa and Ila were measured.

Plasma was diluted 1:150 in PBS to a final volume of 90 t1l, and treated with 600 ng of

chromogenic substrate for Factor Xa or for Factor Ila (Sigma, St. Louis MO) as appropriate in 10

[l PBS. Change in absorbance per second was measured at 405 nm.

In vivo tmor growth assays. Xenografts were generated in nude (nu/nu.c) Harlan (Indianapolis,

Indiana) Sprague-Dawley rats via the subcutaneous injection of 5 x 106 PC-3 human prostatic

adenocarcinoma cells into each flank. Tumors were allowed to grow for week until tumor

volumes were approximately 50 mm', and intratumoral injections were initiated (day 0). Only

mice in which tumors on both sides were of similar size were used for the remainder of the

experiment. H-eparin was prepared in 2.5 mM sodium acetate in PBS, in a final volume of 100

tl. F32-heparin conjugates were produced as described at a 10:1 polymer:heparin (w/w) ratio,

and diluted in PBS.

Three dosing regimens were employed. At least six mice were used for a given

experimental point. predicted to yield p < 0.05 with power = 80%. First, heparin alone at various

concentrations (5 ng - 50 Ctg) was injected into six mice per dose on day 0 and each subsequent

day through the experimental end point (day 8). An equivalent volume of vehicle (referred to as
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NaOAc) alone was injected into five mice. Second, six mice per dose were treated on day 0 with

vehicle or heparin (500 ng to 400 itg), and tumor size was measured over eight days. Finally, 10

mice per dose were treated once with vehicle, heparin (5 [tg - 400 Vtg), or the equivalent amounts

of heparin conjugated to F32 at a 10:1 polymer:heparin (w/w) ratio. Tumors were measured by

caliper throughout the experiment, and volume was calculated as length x width x height x re/6.

Liver function tests and complete blood counts were performed on all treated animals using

blood collected via cardiac puncture.
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Section 4. Novel Roles for Glycosaminoglycans

Overview-:

Section 4 discusses two novel roles for glycosaminoglycans. First, cell surface heparin/heparan

sulfate-like glycosaminoglcycans are demonstrated to play an important role in microvascular

permeability. Cationic proteins, such as those released during inflammation, initiate a cellular

response through the heparinase III digestable glycosaminoglycan components of syndecan-1

and syndecan-4, by promoting their clustering and subsequent stress fiber formation. These

results demonstrate, for the first time, that cell surface heparin/heparan sulfate-like

glycosaminoglcycans can serve as an important mediator of vascular permeability in

inflammatory responses. Second, glycosaminoglycans were immobilized on substrates through

direct deposition. This technique was demonstrated to produce stable surfaces based on the

formation of hydrogen bonds between the glycosaminoglycans and the substrates. Immobilizing

glycosaminoglycans elicits novel functions which are demonstrated to have important properties

in regulating cancer growth, specifically promoting cancer cell adhesion to the surface while

inhibiting growth and metastasis. Surfaces formed with heparin or heparinase 111 digested

heparan sulfate have the most desirable properties. and may have therapeutic utility after

surgeries for skin and ovarian cancer.
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Chapter 12. Lung endothelial heparan sulfates mediate

cationic peptide-induced barrier dysfunction: a new role for

the glycocalyx

This report was previous published in American Jounral of Physiology: Lung Cell and ilMolecular Phlsiolog in
2003. See reference [981 for details. All figures in this chapter were adapted from the original publication.

12.0 Summary

The endothelial glycocalyx is believed to play a major role in microvascular permeability. We

tested the hypothesis that specific components of the glycocalyx, via cytoskeletal-mediated

signaling, actively participate in barrier regulation. With the use of polymers of arginine and

lysine as a model of neutrophil-derived inflammatory cationic proteins, we determined size- and

dose-dependent responses of cultured bovine lung microvascular endothelial cell permeability as

assessed by transendothelial electrical resistance (TEER). Polymers of arginine and lysine >11

kDa produced maximal barrier dysfunction as demonstrated by a 70% decrease in TEER.

Monomers of L-arginine and L-lysine did not alter barrier function, suggesting a cross-linking

requirement of cell surface "receptors". To test the hypothesis that GAGs are candidate receptors

for this response, we used highly selective enzymes to remove specific GAGs before

polyarginine (PA) treatment and examined the effect on TEER. Heparinase III attenuated PA-

induced barrier dysfunction by 50%, whereas heparinase I had no effect. To link changes in

barrier function with structural alterations, we examined actin organization and syndecan

localization after PA. PA induced actin stress fiber formation and clustering of syndecan-l and

syndecan-4, which were significantly attenuated by heparinase 111. PA-induced cytoskeletal

rearrangement and barrier function did not involve myosin light chain kinase (MLCK) or p38

MAPK, as ML-7, a specific MLCK inhibitor, or SB-20358, a p38 MAPK inhibitor, did not alter

PA-induced barrier dysfunction. In summary, lung endothelial cell heparan sulfate

proteoglycans are key participants in inflammatory cationic peptide induced signaling that links

cytoskeletal reorganization with subsequent barrier dysfunction.
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12.1 Introduction

The aggregation of polymorphonuclear leukocytes (PMNs) is a hallmark of acute

inflammation and represents a complex coordination of signals between microvascular

endothelial cells and both circulating and adherent PMNs. Cytokines elaborated during infection

and tissue injury activate both endothelial cells and PMNs, which promotes the sequence of PMN

rolling, tethering, and ultimately, firm adhesion through the interaction of E- and P-selectins and

vascular cell adhesion molecule-I [261]. Subsequently, ligation of the 3-integrin receptor

(CDI 1/18) complex on PMNs promotes the release of inflammatory peptides from azurophilic

granules that further propagates the inflammatory response [43].

An important consequence of this inflammatory process is an increase in vascular

endothelial penneability that results in tissue edema with attendant changes in microvascular

hemodynamics. tissue oxygenation, and subsequent organ failure. In fact. microvascular

dysfunction underlies the etiology' of multiorgan failure after sepsis, trauma, burn injuries, solid

organ transplant failure. and a host of autoimmune diseases [259, 284, 297]. Elucidating the

fundamental mechanisms by which neutrophil-endothelial interaction produces subsequent

changes in vascular permeability' has important implications for attenuating the undesirable

effects of inflammation.

Ligation of CD1 1/18 on PMNs initiates adhesion to microvascular endothelial cells and

subsequent adhesion-dependent activation. Activated PMNs secrete cationic peptides such as

heparin-binding protein/CAP37/azurocidin (HBP), elastase, and cathepsin G [43] that have been

implicated in PMN-mediated vascular permeability changes, and inhibition of CD11/18-

mediated adhesion of PMNs during acute lung injury [12, 218] prevents associated pulmonary

edema. HBP/CAP37/azurocidin belongs to a family known as the serprocidins whose members

include three active proteases (elastase, cathepsin G, and proteinase-3) and the inactive protease

homolog HBP/CAP37. HBP has antimicrobial activities [368], has antiapoptotic effects in

endothelium [34 I]. and is a potent chemoattractant for monocytes and T cells [367]. Importantly,

HBP/CAP37 has been reported to account for all of the vascular permeability-enhancing activity

of activated neutrophils [146]. Whether receptors tfor HBP/CAP37 and other inflammatory
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cationic peptides are present on the luminal surface of vascular endothelium has not been

established. However, the strong cationic nature of HBP in conjunction with intrinsic heparin-

binding characteristics suggests that a search for the HBP receptors could potentially include cell

surface GAGs, including HSGAGs, implicating a component of the endothelial glycocalyx, a

thick surface layer of proteoglycans whose anionic GAG side chains form an entangled

meshwork on the cell surface [385]. The adsorption of serum proteins onto the GAG chains

results in the formation of a gel-like layer that creates a direct physical barrier to both water and

protein transport into the intercellular junction [84, 184]. In this study, we hypothesized that

specific components of the glycocalyx may play an active role in barrier regulation through

GAG-mediated interactions with soluble cationic ligands (like HBP), thereby activating signaling

pathways associated with the cytoplasmic domain of the proteoglycan core protein. We now

report size- and polymer-specific effects of diverse cationic peptides on endothelial cell

cytoskeletal rearrangement and transmonolayer permeability. Our results indicate that cell

surface HSGAGs are actively involved in barrier regulation and directly mediate, in part, cationic

peptide-induced signaling that leads to increases in endothelial permeability and cytoskeletal

reorganization. These data further suggest that the syndecan family of heparan sulfate

proteoglycans participate in polycation-induced signaling and highlights a novel role for the

glycocalyx.

12.2 Results

12.2.1 Polycationic peptides increase endothelial permeability

We examined the role of the polycationic peptides PA and polylysine (PL) on endothelial

permeability as measured by TEER. Both PA (90 kDa) and PL (84 kDa) produced rapid

decreases in TEER as demonstrated in Figure 12.1, with maximal permeability occurring at a

concentration of 50 lig/ml. By comparison, dextran 70, a neutral polymer of similar size (70

kDa), did not affect TEER values at concentrations of 10, 50, and 100 ~tg/ml (data not shown).
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Figure 12.1. Polycations induce monolayer dysfunction. A) Polsarginine (PA: 90 kiDa) dose response on
endothelial cell monolayer permeability. PA >50() g/ml provoked an "all-or-none" loss in barrier function. B)
pol lysine (PL: 83 kDa) dose response on increased endothelial cell monolayer permeability. PI, >50 tg/'ml also
provoked a maximal change in transendothelial electrical resistance (TER). Data are means A SD (n = 5-8). #
denotes p--0.05 . control: + denotes p<O.05 vs. 10 .gtml.

We next tested the effect of polycation size on endothelial barrier function and

demonstrated the multivalent requirement of cationic peptides for this response. Monomers of L-

arginine failed to alter TEER (Figure 12.2A), whereas PA at each size tested (I 11.8. 38, and 90

kDa) produced maximal reductions in TEER (Figure 12.2A). Consistent with these results, -

lysine monomers did not significantly alter TEER (Figure 12.2B), whereas larger polymers of

lysine (32 and 84 kDa) both reduced TEER maximally (Figure 12.2B). The observation that

monomers of -arginine and -lysine failed to increase endothelial permeability supports the

notion that signal activation may require cross-linking of cell surface domains. Although the
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polymers of arginine and lysine used in these studies were both polydispersed, the response to

the smallest PA (11.8 kDa) differed dramatically from the response to the smallest PL (7.3 kDa).

PA (11.8 kDa) induced maximal barrier dysfunction, whereas the 7.3-kDa PL polymer did not

affect lung TEER (Figure 12.2B). suggesting specificity in the response evoked by interaction

between the cationic peptide structure and the unknown binding site(s) on the endothelial

surface.
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Figure 12.2. Polymers of cationic units are necessary for monolayer dysfunction. A) PA size response at 50
Cpg/ml on endothelial cell monolayer permeability. Monomers of L-arginine (L-Arg) had no effect on TER. All
sizes of PA tested provoked maximal loss in TER. B) PL size response at 50 g/ml on endothelial cell
monolayer permeability. Monomers of I,-lysine (L-Lys) and the 7.3-kDa polymer did not alter TER. PL at both
32 and 84 kDa caused maximal increase in permeabilit. Data are means ± SD (n 6-8). # denotes p<0.05 vs.
control; + denotes p<0.05 vs. monomers.
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12.2.2 HSGAGs mediate PA-induced barrier dysfunction

We hypothesized that cationic peptides mediate cellular effects via interaction with

anionic GAGs present on the endothelial surface composed primarily of HSGAGs and

chondroitin sulfate-like GAGs. To examine the dependence of cationic peptide-induced decrease

in TEER on endothelial GAGs, we selectively removed either HSGAGs or chondroitin sulfate

GAGs via enzymatic cleavage using heparinase III and chondroitinase ABC, respectively.

Removal of either heparan sulfates or chondroitin sulfates had no effect on baseline TEER:

however, the removal of cell surface heparan sulfate with heparinase Ill significantly attenuated

PA-induced permeability (-50%; Figure 12.3), whereas chondroitin sulfate removal did not alter

PA-induced barrier dysfuinction (Figure 12.3). We next quantified the amount of heparan sulfate

removed by heparinase III pretreatment to link enzyme activity with the alterations in PA-

induced barrier dysfunction. Heparinase III (15 mU/ml) pretreatment removed -6 7% of the

releasable heparan sulfate pool (Table 12.1). Given this close linkage between the amount of

heparan sulfate removed and the magnitude of attenuation of PA-induced barrier dysfunction,

these data suggest that heparan sulfate proteoglycans are key participants in cationic peptide-

induced endothelial barrier dysfunction.

Figure 12.3. Alterations in cell surface GAGs affect polycation-induced permeability. PA (90 kDa. 50
fpg/ml) provokes an -65% decrease in TER. Pretreatment with heparinase II (Hep 111+PA) attenuated the PA-
induced decrease in TER by 50%0/. Pretreatment with heparinase I (Hep I+PA) failed to alter the PA-mediated
decrease in TER. The combination ol' heparinase I and heparinase III (Hep TTI++PA) had no affect beyond Hep
Ill alone. [lep I and ep III had no effect on baseline TER (not shown). Chondroitinase ABC lyase (Cha'se+PA)
failed to alter PA-induced permeability. Cha'se had no effect on baseline TER (not shoxn). Chlorate treatment
(Chl+PA) failed to alter PA-induced permeability. Both the myosin light chain kinase inhibitor 1-(5-
iodonaphthalcne-l-sul tonyl)-l l-hexahNdro-l.4-iazepine IICI (MIL-7: 20 pM) and the p38 IIAPK inhibitor SB-
20358 (20) p laM fiiled to alter the PA-induced barrier dysfunction. Data are means ± SD ( 6-8).
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To exclude persistent HSGAGs not removed with heparinase 111 as a possible explanation

for the remaining 50% of the PA-induced barrier dysfunction that was refractory to heparinase

Ill, we pretreated monolayers with heparinase I alone and in combination with heparinase Ill,

before PA stimulation. Heparinase Ill cleaves primarily between unsulfated or monosulfated

saccharides within the GAG chain, whereas heparinase I generally cleaves at more highly

sulfated saccharides [321]. Heparinase I alone had no effect on PA-induced barrier dysfunction,

and the mix of heparinase and Ill provided no additional attenuation of the PA response

compared with heparinase II1 alone. Enzyme activity assays demonstrated that heparinase 

released 40% of labeled heparan sulfate (Table 12.1). The combination of heparinases I and III

had no effect on PA-induced TEER beyond that of heparinase Ill alone (Figure 12.3), and

enzyme activity assays demonstrated no additional release when the enzymes were used in

combination. We next examined the role of chondroitin sulfate-like GAGs by predigesting the

cell surface with chondroitinase ABC lyase (2.5 mU/ml) before PA treatment. This dose of

chondroitinase is severalfold higher than previously used [1 88] to remove endothelial cell surface

chondroitin sulfate. Pretreatment of bovine lung microvascular endothelial cells (BLMVEC)

with chondroitinase had no effect on PA-induced permeability (Figure 12.3), and enzyme

activity assays demonstrated that chondroitin sulfate-like GAGs only accounted for 15% of cell

surface-labeled GAG (Table 12.1).

Enzyme Concentration mU/ml % 35S0 4 Released

Heparinase III 15 67

Heparinase I 15 40

Heparinase I + III 15 + 15 62

Chondroitinase 2.5 16

Table 12.1. Quantification of enzyme activity. 3SSO4-releasable activity from bovine lung microvascular
endothelial cells (BLMIVEC) by glycosaminoglycan-degrading enzymes (see Experimental Procedures).

To correlate these enzyme results with HSGAG structure, we characterized the

disaccharide composition of the HSGAGs from lung microvascular endothelial cells by capillary

electrophoresis [227]. These studies demonstrated (Table 12.2) that 41% of the disaccharides
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were monosulfated and 59% were unsulfated disaccharides. The predominance of monosulfated

and unsulfated dissacharides directly correlates with the observed activity of heparinase 111 [321]

and the observed attenuation of the PA-induced permeability response by heparinase III

pretreatment.

Disaccharide BLMVEC in BLMVEC in BLMVEC in SF-RPMI
MCDB-131 SF-RPMI 1640 1640 + chlorate, 50 mM

AU2sHNs6S 0 0 0

AU 2sHNs 0 0 0

AUH\,ss 0 0 0

AU2SHNAc S 0 0 0

AUH,~s 0.83 0.63 0.25

AU2sHNAXc 12.91 14.46 5.56

AUHNAc,6S 27.77 26.23 11.27

AUHNA, 57.87 58.31 82.73

Table 12.2. Heparan sulfate disaccharide composition. Hleparan sulfate from BLNIVEC was digested
completely. and disaccharidcs H~ere identified by capillary elcctrophoresis. Disaccharide composition wvas
measured in cells cultured in standard culture medium (MCDB-131), in sulfate-free RPI 1640 (SF-RPMI
1640). and sulfate-free RPMI 1640 plus 50 mNl sodium chlorate for 24 hours. LU. uronic acid. H1. glucosamine.
2S. 2-0-sullate. 6S. 6-0-sullate. NAc. N-acetyl. NS. N-sulfate.

12.2.3 HSGAG sulfation level does not affect PA-induced permeability

To investigate the structural requirements of HSGAGs in mediating PA-induced

signaling. we pretreated monolayers for 24 h with sodium chlorate in sulfate-free RPMI 1640,

which reduces endothelial HSGAGs by 65% (Table 12.2) and chondroitin sulfation by 90%

[188]. Chlorate treatment failed to alter either baseline TEER or PA-induced barrier dysfunction

(Figure 12.3). suggesting that simple charge interaction alone is not solely responsible for

mediating PA binding and associated signal activation but requires an additional specific

structural characteristic of the repeating disaccharide units.

12.2.4 Anti-syndecan and anti-heparan sulfate antibody cross-linking and

endothelial barrier function

The size-dependent effect of polycations on barrier dysfunction suggests that peptide-

mediated cross-linking of heparan sulfate chains may be a necessary step for activating pathways
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that result in increased endothelial permeability. We attempted to cross-link heparan sulfate

chains using polyvalent antibodies (gM class), raised against lung fibroblast heparan sulfates,

with and without isotype-specific secondary antibodies while simultaneously measuring TEER.

The rationale of these studies was to determine whether other mechanisms of heparan sulfate

cross-linking would also elicit barrier dysfunction. Antibodies to syndecan-l, syndecan-4, and

heparan sulfate were added to endothelial monolayers after establishing stable baseline electrical

resistance as described above. Dilutions for each antibody was as follows: anti-syndecan-l (N-

18) 1:50; antisyndecan-4 (N-19) 1:50; anti-heparan sulfate 1:50. Isotype-specific secondary

antibodies were used at 1:50, 1:40, and 1:50 dilutions, respectively.

Neither anti-heparan sulfate antibodies alone nor the addition of a secondary antibody to

promote a lattice formation influenced barrier function (data not shown). In addition, cross-

linking of the syndecan core protein, the primary heparan sulfate proteoglycans on endothelial

cells., with anti-syndecan antibodies, both with and without isotype-specific secondary antibodies

(to promote extended cross-linking), failed to alter barrier function (data not shown). These

observations suggest that cross-linking per se is insufficient to activate the appropriate pathways

that lead to increases in permeability and suggest that there are specific structural requirements

for both the cationic peptide and the heparan sulfates to activate permeability-related signaling

pathways.

12.2.5 PA induces syndecan-1 and syndecan-4 clustering and actin stress

fiber formation

Alterations in cytoskeletal organization within vascular endothelial cells are well

recognized as central mechanisms determining barrier regulation [97]. Actin stress fiber

formation and altered cell function can be induced by antibody-mediated clustering of cell

surface syndecan [385]. Therefore, to correlate functional changes in endothelial monolayer

permeability with structural changes that account for increased permeability, we examined

syndecan-1 and syndecan-4 localization and actin organization in response to PA challenge. In

control endothelial cells, syndecan-1 distribution was limited to the cell periphery (Figure

12.4A), and cells demonstrated the typical peripheral actin band with a few centrally located

stress fibers (Figure 12.4B). Treatment of endothelial monolayers with PA (90 kDa, 50 g/ml)

caused a significant change in syndecan-l distribution, from a continuous peripheral pattern to a
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punctuate pattern consistent with clustering (Figure 12.4C), and altered the polymerized actin

cytoskeleton from a peripheral distribution to predominately cytoplasmic stress fibers (Figure

12.4D). These changes in syndecan-I and actin were associated with gap formation between

adjacent endothelial cells (Figure 12.4D, arrows), consistent with the associated increase in

monolayer permeability reflected by TEER.

Figure 12.4. Heparinase 111
treatment attenuates PA-
induced peripheral syndecan-1
clustering.
A) mmunofluorescence images
of sndecan-I showing peripheral
staining pattern in control cells.
B) Control cell actin staining
showing cortical actin and some
stress fiber. C) PA (90 kDa. 50
[tg/ml. 30-minute incubation)
induced s necan- 1 clustering
around periphery and caused loss
of cortical actin wvith concurrent
actin stress fiber formation (D)
that is associated A ith
intercellular gap formation
(arrows). E) Heparinase 11I
pretreatment ( 15 mU/ml for 1.5 h)
attenuated PA effects on
svndecan-1 localization and
prevented loss of cortical actin
and also prevented intracellular
gap formation (F). leparinase
treatment alone had no effect on
svndecan- or locali7tion (not
showsn ).

Under basal conditions, syndecan-4 staining localized to the cell periphery, as did actin,

specifically at areas of cell-cell contact; there was also significant perinuclear staining (Figures

12.5A and C). After PA treatment, syndecan-4 was notably absent from cell-cell contacts and
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demonstrated reduced staining in the perinuclear region but demonstrated enhanced localization

in a linear pattern throughout the cytoplasm (Figure 12.5B), suggestive of colocalization with

actin (Figure 12.5D) and/or microfilaments. Thus both syndecan- 1 and syndecan-4 demonstrated

significant changes in localization after PA stimulation, and these changes occurred in

association with dramatic actin stress fiber formation.

Figure 12.5. Heparinase III
attenuates PA-induced
peripheral syndecan-4 loss and
stress fiber formation.
A) Control cell syndecan-4
staining shows a dense peripheral
staining pattern. B) PA (90 kDa,
50 g/ml, 30-min incubation)
causes loss of peripheral
syndecan-4 and localization of
syndecan-4. suggestive of actin or
microtubule/microfilament
association. t.) Control cells
display dense cortical actin. D)
PA treated cells display dense
stress fibers. E) Hep III
pretreatment (15 mU/ml. 1.5 h)
partially attenuated PA-induced
loss of peripheral syndecan-4 and
attenuated actin stress fiber
formation (F).
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12.2.6 Heparinase III pretreatment abolishes PA-induced actin cytoskeletal

reorganization and syndecan localization

To confirm that HSGAGs were directly involved in mediating syndecan clustering and

actin reorganization, cell surface heparan sulfates were removed with heparinase III before

treatment with PA. Immunofluorescent studies revealed that removal of cell surface heparan

sulfates completely abolished PA-induced actin reorganization, syndecan-1 clustering. and

interendothelial gap formation (Figures 12.4E and F), whereas heparinase III treatment alone

had no effect on actin or syndecan-I localization (data not shown). Heparinase 111 pretreatment

also attenuated PA-induced syndecan-4 clustering and actin reorganization (Figures 12.5E and

F).

12.2.7 Signaling pathways involved in cationic peptide-mediated barrier

dysfunction

Increases in endothelial cell stress fibers implicates an activation of the endothelial cell

contractile apparatus. We examined the role of two major signaling pathways known to

contribute to endothelial cell stress fiber formation, MLCK, and p38 MAPK [141] [144] on

cationic peptide-mediated endothelial permeability. To examine the role of MLCK on myosin

light chain phosphory lation, we first assessed the levels of myosin light chain phosphorylation

after a PA challenge and found that PA did not increase the level of phosphorylation of myosin

light chain (data not shown). Consistent with these results, I -(5-iodonaphthalene- I -sulfonyl)-I H-

hexahydro-l,4-diazepine HCI (ML-7)., a specific MLCK inhibitor, w-as used at a concentration

(20 ptM) that has been shown to completely inhibit MLCK phosphorylation in response to

numerous agonists [490] and failed to alter PA-induced barrier dysfuinction as assessed by TEER

(Figure 12.3), suggesting that PA acts through MLCK-independent pathways to modulate

cytoskeletal organization and barrier function. We have also previously reported a p38 MAPK

pathway [144, 362] leading to marked stress fiber not associated with mosin light chain

phosphorylation. To assess this signaling pathway, we tested SB-20358, a p38 MAPK inhibitor,

which tfailed to affect the PA response on TEER (Figure 12.3). The concentration of SB-20358

used (20 p[M) has been shown to significantly inhibit p38 MAPK [325]. These results suggest a
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novel mechanism of stress fiber formation that does not require an increase in either MLCK or

p38 MAPK activity.

12.3 Discussion

In this study, we demonstrate that endothelial HSGAGs mediate cationic peptide-induced

signaling that leads to endothelial cytoskeletal rearrangement and barrier dysfunction. This

cationic peptide-mediated loss in barrier function was associated with syndecan-l and syndecan-

4 clustering and actin stress fiber formation; removal of cell surface HSGAGs attenuated these

responses. Together, these observations suggest that syndecan heparan sulfates serve as an

endothelial cell surface binding domain for cationic peptides and initiate stimulus/coupling

responses that signal via the actin cytoskeleton to increase endothelial permeability. However, it

is likely that there are additional participants involved in this complex signaling pathway that

lead to changes in endothelial barrier function. These data provide the first account in identifying

an endothelial-surface binding domain for inflammatory cationic peptides and provide

mechanistic insight for the recent observations of Gautum et al. [ 146], who demonstrated that the

neutrophil-derived cationic peptide, HBP, is responsible for the increase in vascular permeability

produced by endothelial cell interaction with activated neutrophils.

Like HBP/CAP37, PA and PL are highly cationic molecules that have been utilized as

models of neutrophil- and eosinophil-derived cationic peptides [327, 429]. PL promotes edema

formation when injected intradermally [327] and increases lung epithelial permeability when

instilled into the intra-alveolar space [429]. The mechanism(s) responsible for these effects was

unknown, and the direct effects of cationic peptides on endothelial and epithelial cells could not

be separated from secondary paracrine mediators, such as mast cell degranulation or macrophage

activation. Polycation-induced permeability was postulated to occur through charge-mediated

binding to anionic sites on the cell surface, presumably sulfated proteoglycans [327]. The cellular

effects of polycations are size dependent [327], suggesting that cationic peptides cross-link cell

surface domains, and the greater the number of cross-linked "receptors" the greater the intensity

of signal amplification. Our data support this concept, since monomers of L-arginine and L-lysine
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failed to alter endothelial barrier properties, whereas larger polymers induced maximal signal

activation and greater changes in permeability.

Our results with the small polycation polymers require specific comment as the 11.8-kDa

polymer of arginine induced maximal barrier dysfunction, whereas the smallest lysine polymer

(7.3 kDa) did not alter endothelial permeability. Because the cationic peptides used in this study

were all polydispersed, we expected similar results for these two peptides. The difference

between the size response of PA (11.8 kDa) and PL (7.3 kDa) suggests there is structural

specificity of the putative binding domain for these basic amino acid residues. The lack of effect

of sodium chlorate on PA-induced barrier dysfunction further suggests that the interaction of PA

with its receptor involves more complex stereoselectivity as opposed to simple charge

interaction.

The specificity for arginine-mediated binding to heparan sulfate has been reported by Liu

and colleagues [275]. who demonstrated that the binding of tissue factor pathway inhibitor-

2/matrix-associated serine protease inhibitor to heparan sulfate and dermatan sulfate occurred

selectively through arginine-mediated interaction. Likewise, Michel and colleagues [301]

demonstrated that serum albumin reduces capillary permeability via arginine-mediated

interaction with the endothelial cell surface, whereas modification of lysine residues had no

effect on the ability of albumin to modulate permeability: similar results were obtained when

modified albumins were tested on the permeability of cultured endothelial cells [384]. Last, Vepa

et al. [489] demonstrated that PA was more potent in activating endothelial cell phospholipase D

compared with PL. Thus our data are consistent with a number of reports demonstrating that

whereas arginine and lysine residues carry the same electrical charge, other structural

characteristics allow endothelial proteins and HSGAGs to discriminate between these residues.

A specific focus of this work was to characterize the endothelial receptor for

inflammatory cationic peptides with endothelial HSGAGs as likely candidates. Endothelial cells

express three HSGAGs. including perlecan. syndecan, and glypican. Of the three, only the

syndecans are known to influence cytoskeletal organization, cell-cell adhesion, and motility

[528]. Given that these processes are associated with changes in vascular permeability [97],

syndecans were the most likely candidate molecule in our search for a cationic peptide receptor.

To establish that syndecans participate in cationic peptide-induced signaling, we examined

syndecan localization after stimulation with PA and found PA induced 1) actin stress fiber
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formation, 2) syndecan- to cluster around the cell periphery, and 3) syndecan-4 to distribute in a

centralized linear pattern, suggestive of localization with actin or microfilaments and/or

microtubules. Because antibody-mediated cross-linking of syndecan has been associated with

syndecan clustering and subsequent stress fiber formation [420], we hypothesize that cationic

peptides cross-link heparan sulfates to promote similar changes in syndecan localization and

actin organization. Syndecan-I clustering precedes and likely mediates actin reorganization in

response to PA as removal of heparan sulfates by heparinase Ill completely abolished both

syndecan clustering and actin stress fiber formation while reducing the barrier disruption of PA

by 50%. This suggests that other cell surface domains may be involved and/or other signaling

pathways are activated that affect permeability independent of actin reorganization. Removal of

chondroitin sulfate-like GAGs with chondroitinase did not effect PA-mediated permeability

changes.

We offer three possible explanations regarding the complex relationship between the

enzyme activity data (Table 12.1), the compositional analysis (Table 12.2), and the effects of

enzyme pretreatment (Figure 12.3) on PA-mediated barrier disruption. Briefly, heparinase III

released 67% of labeled heparan sulfates and reduced PA-induced barrier dysfunction by 50%.

Thus there is a close correlation between the amount of heparan sulfate released and the

attenuation of the effects of PA on TEER. Heparinase I, however, released 40% of labeled

heparan sulfates but had no effect on attenuating PA-induced barrier dysfunction. The simplest

explanation for this observation is that the heparan sulfates released by heparinase I were not

carried on syndecans but, perhaps, carried by glypican or perlecan and, therefore, not involved in

barrier regulation. An alternative explanation is that the additional 27% of the heparan sulfates

released by heparinase III (compared with heparinase I) surpassed a crucial cell surface GAG

content that is required to participate in cross-linking or activation of intracellular signals that are

associated with barrier regulation. Last, heparan sulfates can have similar global composition but

possess markedly different focal sequences, referred to as "fine structure". These differences in

heparan sulfate focal sequence have been shown to differentially alter endothelial responses to

fibroblast growth factor-mediated signaling [31]. Thus the heparan sulfates removed by

heparinase I may have had focal sequences that did not participate in barrier regulation.

HSGAG-mediated signaling has been well documented as numerous growth factors,

including the fibroblast growth factor family and vascular endothelial growth factor-165 [57,

Page 214



182] as well as matrix elements [80, 190], require HSGAGs as coligands for maximal receptor

activation. Langford and colleagues [253] also demonstrated that both the number and position of

heparan sulfates on the syndecan core protein can influence heparan-mediated signaling. Last, the

fine structure of the heparan sulfates also influences heparan-mediated signaling and cell

behavior [416-1. Thus through undetermined mechanisms, the heparan sulfates can modulate

syndecan-induced signal activation and subsequent cell f unction.

Our data suggest that PA-induced cross-linking of syndecan heparan sulfates activates

signaling pathways associated with syndecan clustering and actin cytoskeletal reorganization.

The mechanism(s) responsible for clustering remains largely unknown. Polycations, like PA and

PL, activate endothelial cell phospholipase D apparently through a protein kinase C (PKC)-

dependent mechanism [489] such that activation of PKC may be an initial event. The signaling

pathways leading to actin reorganization via syndecan-l likely include Src family of kinases,

cortactin, tubulin, and microfilament-regulated processes, whereas syndecan-4-mediated actin

organization involves PKC- and phosphatidylinositol 4,5-bisphosphate-dependent processes

[528]. It is well known that endothelial cell actin reorganization and permeability is strongly

influenced by endothelial-specific MLCK activity [142]: in general, alterations in endothelial

permeability occur via activation of MLCK-dependent or p38 MAPK pathways [97, 321]. We

examined the activity of MLCK in response to PA treatment and found no increase in myosin

light chain phosphorylation, and ML-7, a specific inhibitor of MLCK, had no affect on PA-

induced barrier dysfunction. We also tested the p38 MAPK inhibitor, SB-203580, and found that

it had no affect on PA- or PL-mediated permeability. These observations suggest that heparan

sulfate-directed signaling may act through novel mechanism(s) to induce contractile activity and

cytoskeletal rearrangement. Currently, we are exploring this exciting possibility.

In summary, we have identified HSGAGs as an endothelial receptor for cationic peptides

and have found that signals activated via HSGAG cross-linking result in cytoskeletal

reorganization and subsequent barrier dysfunction. Syndecan-I and syndecan-4 heparan sulfates

appear to be mediators for these events, although we cannot exclude a role for other accessory

participants. These data identify another important step in understanding mechanism(s) involved

in PMN-induced inflammation and associated changes in vascular permeability and highlight a

proinflammatory role for specific components of the glycocalyx.
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12.4 Significance

The ability of HSGAGs to influence cellular behaviors is often associated with their

capacity to bind to growth factors and support or inhibit their activities. GAGs on the cell

surface are known to be important mediators of microvascular permeability. This study sought

to develop an in vitro model system for microvascular permeability, define the critical GAGs,

and explore how they may mediate the cellular response leading to increased permeability. A

model system was developed by which the polycations PA and PL were added to BLMVECs,

and the TEER was measured. The polycations tested reduced TEER in BLMVECs efficaciously

and reproducibly. Only PA was used, however, for the subsequent experiments. To explore the

importance of various GAGs, cells were treated with heparinases and chondrotinases prior to PA

treatment. Only the heparinases reduced the magnitude of TEER reduction induced by PA,

demonstrating that HSGAGs are the key mediator. Furthermore, the effects of heparinase II[I

were greater than heparinase I, consistent with the predominantly mono- and un-sulfated

disaccharides found of the cell surface of BLMVEC. In order to understand how HSGAGs

could mediate BLMVEC monolayer dysfunction, immunohistochemical studies were performed,

and provided evidence of syndecan-l and -4 clustering, as well as actin stress fiber formation,

providing a putative mechanism by which PA leads to structural alterations and corresponding

reductions in TEER. These results demonstrate that HSGAGs and associated heparan sulfate

proteoglycans are key mediators of polycation-mediated monolayer dysfunction leading to

cytoskeletal reorganization in the model system developed. Furthermore, the results of this study

provide important insight into how cationic proteins derived from neutrophils during an acute

inflammatory response can lead the microvascular permeability associated with inflammation.
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12.5 Experimental Procedures

Cell culture and reagents. BLMVEC were obtained from American Type Culture Collection

(Rockville, MI)) and Vec Technologies (Rensselaer, NY) and cultured in DMEM and MCDB-

131, respectively, and supplemented with 10% fetal calf serum. Cells were used from passages

6-10. All reagents were from Sigma Chemical (St. Louis, MO) unless otherwise stated.

Heparinase I and heparinase II were purchased from Sigma Chemical and Seikagaku America

(Falmouth, MA). Polyclonal antibodies to syndecan-l and syndecan-4 were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal antibody (BB4) to syndecan-l was

purchased from Serotec (Raleigh, NC), and isotype-specific secondary antibodies were from

Jackson Immunoresearch (West Grove, PA). Anti-heparan sulfate antibody was from Seikagaku

America.

Measurement of transendothelial electrical resistance. Endothelial cells were grown to

confluence in polycarbonate wells containing evaporated gold microelectrodes (surface area 10-3

cm z) in series with a larger gold counter electrode (surface area I cm2) connected to a phase-

sensitive locked-in amplifier, as we and others have previously described [143, 148].

Measurements of TEER were performed using an electrical cell-substrate impedance sensor

(Applied BioPhysics, Troy, NY). Briefly, current was applied across the electrodes by a 4,000-

Hz alternate current voltage source with an amplitude of I V in series with a l-MQ resistor to

approximate a constant current source (-1 mA). The in-phase and out-of-phase voltages between

the electrodes were monitored in real time with the lock-in amplifier and subsequently converted

to scalar measurements of transendothelial impedance, of which resistance was the primary

focus. TEER was monitored for at least 30 min to establish a baseline resistance that, for

BLMVEC. was typically 6-10 x 103 Q. Each monolayer served as its own control, and percent

change in TEER for groups was pooled and expressed as means ± SE.

GAG analysis. To quantify the amount of GAG chain removed from the cell surface by

enzymatic treatment, we measured the release of 3 SO4-labeled heparan and chondroitin sulfate

and remaining cell-associated radioactivity. Briefly, endothelial cells were cultured in 12-well

plates and labeled for 60 h with 30 S4Ci/ml 3SO4 in sulfate-free medium and were then washed
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three times with PBS. The cells were then incubated for an additional 24 h in complete medium;

before enzyme assay, cells were washed three times with serum-free medium. Enzyme solutions

were placed onto confluent monolayers of BLMVEC, and aliquots of medium were collected

over a 3-h period and counted. Cells were then lysed overnight with 0.1 N NaOH, and total cell-

bound radioactivity was counted. All enzyme assays were done in triplicate. The amount of

radioactivity released by each enzyme was expressed as the percentage of total cell counts.

Heparan sulfate disaccharide analysis was performed as previously described [227].

Briefly, endothelial cells were digested with a mixture of heparinase , II, and III with fragments

separated by capillary electrophoresis. Disaccharides were identified by comparison against

comigration of known standards.

Immunofluorescence microscopy. Confluent monolayers of human lung microvascular

endothelial cells were cultured on glass coverslips and treated with PA (90 kDa, 50 lag/ml) for 30

min and 1 h. Human lung microvascular endothelial cells were chosen for these parallel studies

because commercially available anti-syndecan antibodies do not cross-react with bovine

syndecans. Cells were fixed with 3.7% paraformaldehyde, permeabilized with 0.25% Triton X-

100, and incubated with Texas red-phalloidin (Molecular Probes, Portland, OR) to visualize

filamentous actin. Syndecan was localized by incubating monolayers with anti-syndecan-I and

anti-syndecan-4 antibodies followed by anti-lgGFITC-labeled secondary antibody. Cell

monolayers were then examined by fluorescence microscopy (Nikon Eclipse TE-200 inverted

microscope).

Statistics. For all TEER measurements, each monolayer served as its own control, and

percentage change from baseline was determined. Data from each group were pooled and

analyzed by one-way ANOVA, and groups were compared with a Student-Neuman-Keuls test

using Sigma Stat (SPSS, Chicago, IL). Data are presented as percent change in TEER ± SE.
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Chapter 13. Characterization of chemisorbed hyaluronic

acid directly immobilized on solid substrates

This report swas previous published in Journal (f Biotlmedicacl ;Ilateriallx Rescearch Pcart B.: ppliecl Bionacterials. See
reference [455] for details. All figures in this chapter were adapted from the original publication.

13.0 Summary

HA has a number of potential biomedical applications in drug delivery and tissue engineering.

For these applications, a prerequisite is to understand the characteristic of HA films directly

immobilized to solid substrates. Here, we demonstrate that high molecular weight HA can be

directly immobilized onto hydrophilic substrates without any chemical manipulation, allowing

for the formation of an ultrathin chemisorbed layer. HA is stabilized on these surfaces through

hydrogen bonding between the hydrophilic moieties in HA [such as carboxylic acid (-COOH) or

hydroxyl (-OH) groups] with silanol (-SiOH), carboxylic acid or hydroxyl groups on the

hydrophilic substrates. Despite the water solubility, the chemisorbed HA layer remained stable

on glass or silicon oxide substrates for at least 7 days in phosphate-buffered saline. Furthermore,

HA immobilized on silicon and other dioxide surfaces in much higher quantities than other

polysaccharides including dextran sulfate, heparin, heparin sulfate, chondroitin sulfate, dermatan

sulfate. and alinic acid. This behavior is related to the molecular entanglement and intrinsic

stiffness of HA as a result of strong internal and external hydrogen bonding as well as high

molecular weight. These results demonstrate that HA can be used to coat surfaces through direct

immobilization.

13.1 Introduction

Recently, polysaccharide coatings have attracted much attention in biomaterials research

due to their ability to reduce fouling of surfaces by biological species [85, 174, 276, 311-313,

352, 353, 376, 500, 515]. Although the mechanism of protein or cell resistance is not completely
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understood, conformation and dehydration of polysaccharides through interactions with water, as

well as charge interactions are believed to be important [312]. A variety of polysaccharides have

been explored for use as potential low-fouling surface modifiers. These include dextrans [352,

353, 376, 500], carboxymethylated dextrans [85, 174, 276], and other carboxylated

polysaccharides such as alginic acid and HA [311, 313, 515]. Of these polysaccharides, HA has

received much attention due to its unique properties. HA is a linear polysaccharide composed of

repeating disaccharide units of N-acetyl-D-glucosamine linked to D-glucuronic acid, and unlike

other GAGs, HA is not sulfated. As a component of the extracellular matrix, HA plays an

important role in lubrication, water sorption, water retention, and a number of cellular functions

such as attachment, migration, and proliferation [54, 340]. HA is therefore an attractive building

block for new biocompatible and biodegradable polymers that have applications in drug delivery,

tissue engineering, and viscosupplementation [1, 17, 364, 373].

The formation of a stable HA coating has potential biomedical applications ranging from

bioactive surfaces to the formation of multilayer polyelectrolyte films [28, 277, 308]. To

generate HA-coated surfaces, various immobilization techniques have been employed ranging

from covalent attachment [67, 294. 311, 452], layer-by-layer deposition [374, 466]. and binding

with natural ligands such as p32 [437]. These strategies, however, involve potentially

complicated synthetic approaches that require the use of chemicals, UV light, or cumbersome

procedures to prepare additional binding layers, limiting their potential as a general route to HA

surface immobilization.

Here, we demonstrate the formation of a stable, chemisorbed HA layer on hydrophilic

surfaces, such as glass and silicon oxides, and characterize it using X-ray photoelectron

microscopy (XPS), ellipsometry, and atomic force microscopy (AFM). In addition, we examined

the underlying mechanism by studying the HA layer formation at various pH conditions and with

washing procedures. Evidence suggests that the HA is stabilized on the surface through hydrogen

bonding between the hydrophilic moieties in HA. such as carboxylic acid (-COOH) or hydroxyl

(-OH) groups with silanol (-SiOH), carboxylic acid or hydroxyl groups on the hydrophilic

substrates. The chemisorbed HA layer remains stable in PBS for at least 7 days without losing its

resistant properties. HA is therefore an important biological molecule that can be directly

immobilized on substrates with high efficiency and stability.
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13.2 Results and Discussion

13.2.1 Detection of a chemisorbed HA layer

A)

Bare SiO,

iNC

xI 1/5 x 1/10

Binding energy (V) Binding energy (eV) Binding encrg? (eV)

HA After washing Bare SiO2

CN

x 1'/2 x 1/3

292 2) , N X22 22 288 286 284 2 1) 288 286 281 282

Binding energ? (eV) Binding energy (eV) Binding energy (eV)

Figure 13.1. XPS Spectra of HA surfaces. High-resolution XPS spectra for (A) nitrogen (N Is) and (B)
carbon (C Is) peaks in HA recorded for as-spun. washed, and bare silicon oxide substrates. For carbon peaks of
an as-spun and a washed film, the spectra sx cre deconvoluted x\ ith fbur Gaussian peaks that are assigned at each
oxidized state. For conxenience. the peak for the strongl? oxidized carbon (CO*) wvas not deconvoluted in detail.
All Iilms kkere prepared and characterized on the silicon oxide substrate to take advantage of the flat surlace.

The presence of a chemisorbed HA layer on silicon dioxide substrates or glass was

verified b analyzing the elemental composition (carbon, oxygen, nitrogen, and silicon) of the

surfaces using XPS. In particular, the detection of nitrogen in the XPS spectra was strong

evidence to support the presence of a residual HA layer (Figure 13.1) because nitrogen is found

in HA but not the substrate. As expected, no nitrogen was detected on the bare silicon oxide. The
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intensity at 400.1 eV (N I s) decreased to about 25% of its original intensity after washing with

PBS, though the peak remained, indicating a residual layer of HA (Figure 13.1A). A new XPS

peak was also detected at 402.3 eV (15.5%) after washing. suggesting a modified oxidation state

of nitrogen, denoted N*C. We hypothesize that the new peak originates from the partial

protonation or hydrogen bonding of nitrogen to silanol groups (-SiOH) on the surface. The

persistence of the nitrogen peak and the emergence of a new oxidized state (N*C) generated after

washing are consistent with a residual layer on the surface formed by chemical interactions

between the layer and the substrate.

The carbon peak (C Is) of an as-spun film contains four peaks that are located at 285.0

(16.1%), 286.1 (12.7%), 286.6 (40.0%), and 288.1 (31.2%), consistent with previous reports

(Figure 13.1B) [438]. The amount of unfunctionalized hydrocarbon (285 eV) was higher than

expected (7.1%) [438], which may be attributed to carbon adsorption from the air. In order of

increasing binding energies these peaks represent the hydrocarbon environment (HC), carbon

singly bound to nitrogen (CN), carbon singly bound to oxygen (CO), strongly oxidized carbons

(CO*) including carbon doubly bound to oxygen and a combined peak representing both amide

and carboxylate ion carbon atoms (CON and COO) [438]. In contrast to the as-spun coatings, the

relative intensities were substantially changed after washing with the peak locations slightly

shifted. Two factors potentially responsible for this behavior are the increased portion of

unfunctionalized hydrocarbon from the substrate, and the surface interactions between HA and

the substrate. Based on the modified oxidation state of nitrogen in the XPS spectra and

hydrophilic moieties in HA, some strong interactions, such as hydrogen bonding, may play an

important role in the formation of the chemisorbed layer. In a separate experiment, the HA film

was completely washed away on hydrophobic substrates such as untreated polystyrene (data not

shown), which indicates that other hydrophobic interactions could be ruled out in examining the

origin of the chemisorbed layer.

To analyze the thickness of the HA film, we used ellipsometry, AFM, and XPS

measurements at two different angles. At a 90° take-off angle (long penetration depth), silicon

peaks were not seen for an as-spun sample (i.e., thick HA film on a glass), as opposed to bare

silicon oxide and washed film controls. On the other hand, silicon peaks were nearly absent on

the washed film when a 30° take-off angle was used (short penetration depth; Figure 13.2). This

indicates that the residual film was extremely thin, less than 5-10 nm depending on the element
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and electron selected, the thickness ranging within the penetration depth, and the substrate

surface is nearly fully covered with the chemisorbed layer. The presence of the chemisorbed

laxer was further confirmed by ellipsometry and AFM measurements. The ellipsometry results

indicated the initial thickness of the HA film was about 330 nm, which decreased drastically to

about 3 nm after washing and then remained at the same value. Furthermore, the roughness of a

residual layer (2.1 nm) is between that of the substrate (1.8 nm) and the as-spun film (2.3 nm),

which also supports the presence of a residual layer (Figure 13.3).

1000 800 600 400 200 0

Binding energy (eV)

Figure 13.2. The wide scans of XPS spectra for as-spun, washed, and bare silicon oxide substrates. he
results indicate that the substrate surlace is nearly full covered vkith the chemisorhed laver.

To further explore the potential mechanism of adhesion, we exposed silicon oxide

surfaces to three different pH values of 2, 7, and I to test the effects of surface charge and

hydrophobicity on the formation of a HA coating (see the experimental protocol). At acidic

conditions (pH = 2), the hydroxyl groups present on the surface are protonated (OH, ) such that

the adsorption of HA should be enhanced due to negative charge of HA. In contrast, because the

surface is negatively charged (O-), the adsorption would be reduced at basic conditions (pH =

11). At pH 11, the atomic mass percentage of nitrogen on the surface was 0.33% whereas it
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increased to 3.61% when exposed to pH 2 (Table 13.1). These results indicate that HA is more

likely to adsorb to positively charged surfaces than negatively charged surfaces. Interestingly,

neutral surfaces (pH = 7) were also effective in adhering HA (3.34%), which also supports the

presence of hydrogen bonding between HA and the hydroxyl groups.

A rI

Bare SiO2 After washing Before washing

Figure 13.3. AFNM images of HA surfaces. AFM images of surface roughness and the corresponding
fluorescent images for FN adsorption for (A) a bare silicon oxide substrate. (B) a HA surface after thorough
washing. and (C) an as-coated HA film. Note that the roughness of the film after washing locates between those
of the other two surfaces. supporting the presence of a chemisorbed layer. The height scale is 5 nm and the scan
size is 1 x I tm. Ihe fluorescent images reveal that the surface is fully covered with IA even after extensive
,vashing.

We next explored whether the current approach is ubiquitous in immobilizing polymers

having hydrophilic moieties on hydrophilic substrates. A previous study reported that carboxyl (-

COOH) groups were confined onto hydrophilic surfaces with additional thermal polymerization

[439]. Poly(ethylene glycol)s, however, detach from the substrates upon hydration despite

having hydrophilic moieties (-OH). We hypothesize that two factors are responsible for the

formation of a chemisorbed HA layer. First, hydrogen bonding should be strong enough to

endure the polymer swelling stress at the interface upon exposure to water. Second, the

chemisorbed layer should have a dense molecular structure such as entanglement to prevent

penetration of water molecules. Thus, sufficiently strong hydrogen bonding is required to prevent

the adsorbed layer from peeling off from the surface. In this regard, the HA film should have
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enough contact time with the surface to build a robust interface. As indicated by XPS, the

amount of nitrogen adsorbed onto the surface was lower when the sample was washed within 30

min after spin coating (0.69%; Table 13.1) and significantly increased to 2.74% when the

sample was dried overnight prior to washing. This indicates that the duration of exposure and

sample drying may be important in the adsorption of the HA onto the surfaces.

Atomic Cone. %
Sample

C N O Si

Exposure to pH 2 57.6 3.6 34.0 4.8

Exposure to pH 7 52.2 3.3 38.3 6.2

Exposure to pH 11 14.6 0.3 58.0 27.1

No washing + drying 49.2 2.7 38.8 9.3

Washing after 30 min + drying 11.7 0.7 64.6 23.0

Bare silicon dioxide 4.2 0 65.4 30.4

Table 13.1. Atomic Mass Percentage of Carbon, Nitrogen, Oxygen, and Silicon
Formed under Various Conditions. E'rrors are tx ithin 5%.

Elements for HA Films

With respect to the density of the molecular structure, HA is a highly hydrated polyanion,

which forms network between domains in solutions [159, 240]. In addition, the polymer shows

intrinsic stiffness due to hydrogen bonds between adjacent saccharides. HA immobilized on

silicon and other dioxide surfaces in much higher quantities than other polysaccharides including

dextran sulfate, heparin, HS, CS, DS, and alginic acid (Table 13.2) based on the highest nitrogen

composition (3 75%) and the lowest oxygen-to-carbon ratio (0. 6 4 %). This behavior could be

attributed to either differences between the molecular structures of various polysaccharides or

their lower molecular weights compared to HA.
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Sample N O C O: C

Untreated 0.00 92.4 7.6 12.2

HA 3.8 37.5 58.7 0.6

Heparin 0.2 89.4 10.4 8.6

HS 0.1 91.1 8.8 10.4

CS A 0.5 88.8 10.7 8.3

CS C 0.1 90.5 9.4 9.6

DS 0.4 89.0 10.6 8.4

Table 13.2. Atomic Mass Percentage of GAG Surfaces and Control Surfaces. XPS was performed on GAG
surfaces formed on silicon dioxide after washing. Untreated surfaces are silicon dioxide only. Numbers for
nitrogen. oxygen. and carbon refer to atomic mass percentage. Oxygen:Carbon is the atomic mass percentage of
oxygen divided that by carbon. Errors are within 5%.

13.2.2 Protein resistance, degradability, and stability of a chemisorbed HA

layer

To test the effectiveness of the HA surfaces for protein resistance, HA-modified surfaces

were exposed to fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA),

fluorescein isothiocyanate-labeled goat anti-rabbit immunoglobulin G (FITC-IgG), and

fibronectin (FN). The adhesion of FITC-BSA (0.46%), FITC-lgG (7.81%), and FN (6.22%) was

significantly reduced (p < 0.001) on HA-coated surfaces compared to glass controls (100%) as

measured by fluorescence intensity. Typical examples of the fluorescent images for a bare silicon

oxide, a HA surface after thorough washing, and an as-coated HA film are shown in Figure 13.3

when FN is applied to the surface with subsequent antibody staining (see the experimental

protocol). As seen from the figure, HA is uniformly attached to the surface even after extensive

washing. We also tested protein resistance of various other polysaccharide surfaces on glass

using FN (Figure 13.4). Surfaces formed with other polysaccharides resisted the adsorption of

FN significantly more than glass controls (p < 0.05). Despite this, most other polysaccharide

surfaces were still significantly less resistant to FN absorption than HA coatings (p < 0.05).
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Figure 13.4. F:N adsorption onto GAG surfaces measured by quantifying the fluorescence intensity. The
results are normalized to glass (defined as 100) as the positive control and no protein (defined as 0). Data is
presented as a percentage of the difference between untreated and glass. * denotes p < 0.05 compared to glass. +
denotes p < 0.05 compared to HA.

Although H-A is biodegradable in nature, the possibility of degradation can presumably

be ruled out herein because oxidants such as HO and HOCI/CIO- are believed to be important in

the degradation of HA. The generation of reactive oxygen species is mediated by metal-ion

catalysis (HO) in vitro [175, 305] or myeloperoxidase catalyzed reaction of HO, with Cl-

(HOCI/CIO-) in ivo. To investigate long-term stability, XPS was performed on the aged

samples, which revealed persistent nitrogen peaks even after a week in PBS solution. However,

the uniform distribution of HA is difficult to measure by means of XPS. We therefore used

fluorescent staining of the samples as a function of time to obtain a global assessment of HA

adsorption. The chemisorbed HA layer was also stable for at least 7 days as determined by the

analysis of fluorescent images (Figure 13.5). The presence of the HA surface greatly reduced the

adsorption of F N (> 92%), even after the surface was exposed to PBS for 7 days prior to

exposure FN adsorption and staining. These results indicate that at least in the case of silicon

dioxide, the fonnation of a chemisorbed layer of HA is stable for at least I week.
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Figure 13.5. HA surfaces are stable for at least 7 days. The stability of the HA surface was examined by the
quantitative analysis of protein adsorption as a function of exposure times to PBS prior to exposure and
subsequent staining to FN. Note that the surface is stable and greatly reduces protein adsorption more than 92%
even after exposure to PBS for up to 7 days. No contrast enhancement was made throughout the analysis. *
denotes p < 0.05 compared to bare glass.

13.3 Significance

Despite its water solubility and hydrophilic nature, HA can be directly immobilized onto

glass and silicon oxide substrates because of hydrogen bonding and high molecular weight. An

ultrathin HA layer of about 3 nm is left behind even after extensive washing with PBS or water.

The presence of this layer was verified with XPS, elliposometry, and AFM measurements.

Fluorescent staining and XPS showed that the resulting surfaces remain stable for at least 7 days.

Thus, our approach could be a general route to the immobilization of HA and open a new way to

attach other bioactive molecules having hydrophilic moieties to solid substrates.
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13.4 Experimental Procuedures

Materials. HA (lot no. 904572, M = 2.1 MDa by light scattering) was kindly supplied by

Genzyme Inc. (Boston, MA). Silicon dioxide wafers (1 jlm of SiO2 on Si) were purchased from

International Wafer Service (Portola Valley. CA) and used without frther treatment. Heparin

and HS were from Celsus Laboratories (Columbus, OH). CS A. CS C, DS, FITC-BSA, FITC-

IgG, FN, and anti-FN antibody were purchased from Sigma (St. Louis, MO). Glass slides were

treated with O. plasma for min to generate -OH groups as well as to clean the surfaces unless

otherwise indicated.

Surface characterization. Fluorescent optical images were obtained using an inverted

microscope (Axiovert 200, Zeiss). XPS spectra were recorded using a Kratos AXIS Ultra

spectrometer. Spectra were obtained with a monochromatic Al K, X-ray source (1486.6 eV).

Pass energy was 160 eV for survey spectra and 10 eV for high-resolution spectra. All spectra

were calibrated with reference to the unfunctionalized aliphatic carbon at a binding energy of

285.0 eV. Spectra were recorded with similar settings (number of sweeps, integration times, etc.)

from sample to sample to enable comparisons to be made. The analysis of the XPS spectra was

performed on the basis of 90° unless otherwise indicated. Atomic force micrographs were

obtained with tapping mode on a NanoScope III Dimension (Veeco Instruments, Rochester, NY)

in air. The scan rate was 0.5 Hz and 256 lines were scanned per sample. Tapping mode tips,

NSC15 - 300 kHz, were obtained from MikroMasch (Portland, OR). Data were processed using

Nanoscope III 4.3 1r6 software (Veeco Instruments Inc.). The thickness of the chemisorbed HA

layer was measured with a Gaertner LI 16A ellipsometer (Gaertner Scientific Corp., Skokie, IL)

with a 632.8 nm He-Ne laser. A refractive index of 1.46 was used for all HA films, and a three-

phase model was used to calculate thicknesses.

Construction and stability of a chemisorbed layer and testing protein adsorption. A few drops

of HA solution (5 mg/mL in distilled water) were placed on the surface and spin coated (Model

CB 15. Headaway Research, Inc.) at 1000 rpm for 10 s. The samples were stored overnight at

room temperature to allow the solvent to evaporation. To examine the effect of washing, some
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samples were washed several times within 30 min of spin n coating and then dried with a mild

nitrogen stream. To examine the effect of pH, the silicon oxide surfaces were exposed for several

hours to the solutions of pH 2, 7, and 11, respectively, leading to different oxidization states. HA

films were prepared on those surfaces using the same procedure described above. In addition to

HA, thin films of the other polysaccharides were prepared in the same manner.

To measure the immobilization of HA, heparin, HS, CS A, CS C, and DS films, we

performed fluorescent staining for adhesion of various proteins on the coated surfaces. FITC-

BSA (50 ptg/mL), IgG (50 pig/mL), and FN (20 lag/mL) were dissolved in PBS solution (pH =

7.4; 10 mAM sodium phosphate buffer, 2.7 mM KCI, and 137 mM NaCI). To measure FN

adsorption, the surfaces were stained with anti-FN antibody for 45 min, followed by a I h

incubation with the FITC-lgG antibody. A few drops of the protein solution were evenly

distributed onto the HA surfaces. After storing at room temperature for 30 min, the surfaces were

rinsed with PBS solution and water and then blown dry in a stream of nitrogen. To analyze

stability, HA surfaces were placed in a PBS bath at various times and stored at room temperature

for up to 7 days. The PBS solution was changed daily to prevent readsorption of dissociated HA

onto the surface. The stability was subsequently analyzed by testing for FN adsorption. The

slides were then examined under a fluorescent microscope under a UV light exposure of 2 s.

Blank glass slides with or without FN staining were used as positive and negative controls

respectively. Fluorescent images were analyzed quantitatively using Scion Image and the

statistical analysis was performed using one-sided ANOVA tests with p < 0.05 to distinguish

between statistical significance.
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Chapter 14. Immobilized glycosaminoglycans regulate

cancer cell activity

14.0 Summary

GAGs are complex sugars found in the ECM and on the cell surface, which regulate important

processes including wound healing and cancer. Breakdown of the ECM, including the GAG

component. is al critical step in cancer invasion and metastasis. The basement membrane (BM),

prior to invasion, inhibits the growth and progression of tumors. We therefore sought to create

artificial basement membrane-like surfaces by direct deposition of GAGs. and to subsequently

determine their Lltility in regulate cancer cell activity. Stable surfaces could be produced with all

10 GAGs examined. Furthermore, the surfaces each exhibited unique abilities to affect B16-FO1

murine melanoma cell adhesion, growth, and metastasis. The most effective surfaces, those that

promoted cell adhesion, but inhibited proliferation and metastasis, were formed with heparin and

hepIII-treated heparan sulfate. GAG surfaces can therefore effectively regulate cancer cell

activity and can be selected to achieve desired responses for specific applications.

14.1 Introduction

Cancer invasion, angiogenesis, and metastasis are dependent on the controlled

degradation and reformation of the ECM, including the BM [21 1, 272]. HSGAGs are the most

abundant polysaccharide component of the BM, and are tethered to the protein components of

the BM, including collagen IV and FN [29. 102, 211, 468]. The various elements are self-

assembled into complex structural networks, which compartmentalize tissues are regulate cell

behavior, after they are produced by and secreted from cells [430, 520]. The invasive process
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specifically involves enzymes secreted to degrade the BM, enabling tumor and cellular entry into

deeper tissues and ultimately, to the blood stream [102].

The BM serves a fundamental role in cancer, as penetration of the BM by the growing

tumor defines it as invasive. As a result, the interactions between the cancer and the components

of the BM and the ECM are critical in regulating cancer progression. Intact BMs, for example,

resist tumor growth, and their digestion modulates cellular activity [371, 496]. Cleaving heparan

sulfate proteoglycans can specifically promote cellular activities including cell migration and can

alter responsiveness to extracellular cues [496]. Heparanase, which is expressed by human

tumors, digests HSGAGs in the ECM [135, 242. 496]. Digestion of HSGAGs by heparanase

promotes invasion, angiogenesis, and metastasis, and can even increase mortality [157]. In

addition to HSGAGs, other GAGs also regulate cancer growth and progression. HA can

promote invasion, angiogenesis and metastasis. Furthermore, HA is found in higher quantities in

the pericellular space surrounding metastatic cells than around primary tumors which have not

metastasized [231]. CS interacts with collagen IV in the BM, and can regulate the invasive

process in melanomas through CD44 [239]. Additionally, both CS and DS are found in the BM

surrounding cancer cells in quantities that increase as the cancer progresses [137].

GAGs in the ECM and those on the cell surface are well characterized as important

modulators of tumor cell activity [38, 274, 427]. Cancer cell activity can be controlled by the

addition or digestion of GAGs [274, 496]. While recreating the protein component of the BM

inhibits tumor growth and progression [371], the ability to define cancer cell activity with

artificial BMs formed from the GAG component, however, has not been examined. In this

study, we created a BM-like surface by immobilizing GAGs, and sought to identify the best

GAGs to control melanoma cell adhesion, growth and migration. An idealized GAG surface

would bind cells but prevent proliferation and migration. Various GAGs were successfully

immobilized and found to elicit unique sets of cell functions, which were distinct from GAGs

free in the ECM. These studies identified that surfaces produced with heparin and heplll-

digested HS allowing the most optimal combination of adhesion, growth and migration.
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14.2 Results and Discussion

14.2.1 GAGs can be immobilized to form stable chemisorbed surfaces

The deposition of polysaccharides to form adhered surfaces has received attention for

their ability to reduce medical device thrombogenicity [179, 248, 401], to prevent biomaterial

fouling [294, 312. 455], to inhibit bacterial and mammalian cell adhesion [31 1], and to reduce

urologic stone formation [179, 230]. The heterogeneity of GAGs [77] suggests that a multitude

of other medically important roles are possible. GAGs in the ECM and on the cell surface

regulate cancer growth and progression [38, 274, 427, 496]. Components of the BM can

additionally inhibit tumor cell proliferation and metastasis [371]. We therefore hypothesized that

GAG surfaces, serving to recreate the BM, could serve as potent modulators of cancer cell

activity. By employing a wide range of GAGs, surfaces with optimized properties could be

selected.

The formation of GAG-coated surfaces can be achieved by a various methods, including

covalent attachment, photoimmobilization, layer-by-layer deposition, and binding via natural

ligands [67, 294, 311, 374, 437, 466]. Producing stable surfaces, however, often involves

expensive and hazardous agents [294, 311]. Stable chemisorbed layers can be formed with HA

and other GAGs in a single step through direct deposition. This simple and inexpensive

technique forms stable surfaces through hydrogen bond formation [455]. Direct deposition

therefore offers the ability to screen several GAGs for a variety of outputs at low cost, and as a

result, was the technique selected for this study.

A limited number of commercially available GAGs with distinct physiochemical and

biological properties exist. These are HA, CS A, CS C, DS, heparin and HS. Heparin is a highly

sulfated HSGAG, predominantly at the 2-0, 6-0, and N-positions, and HS is undersulfated, with

a greater percentage of unsulfated glucuronic acids [77]. We first sought to expand the number

of GAGs that could be explored. For this purpose, we digested heparin and HS with hepl and

hepIlI. Digestion of HSGAGs with heparinases not only reduces their molecular weight, but also

alters their biological effect [30, 104, 274]. Heparin and HS were digested with hepl or heplll

with the extent of digestion measured and confirmed by UV spectroscopy at 232 nm. The degree
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of enzymatic cleavage confirmed to be sufficient to change the biological function compared to

undigested HSGAG [30].

We first confirmed that stable, chemisorbed surfaces could be produced with all GAGs.

Chemisorbed GAG surfaces were produced with HA, CS A, CS C, and DS, heparin (a highly

sulfated HSGAG), heparin pretreated with either hepi or heplll, HS (an undersulfated HSGAG),

and HS pretreated with either hepI or hepIII on silicon dioxide substrates. The formation of

surfaces with all GAGs was confirmed by measuring contact angle of water (Figure 14.1), XPS,

and ellipsometry. A lower contact angle is representative of a more hydrophilic surface relative

to the underlying substrate and is indicative of surface modification. We observed that the

contact angles for HA (p < 8 x 10-6), CS A (p < 0.0003), CS C (p < 0.0005), DS (p < 0.03),

heparin (p < 0.003), hepl digested heparin (p < 4 x 10-6), hepIll digested heparin (p < 0.05), HS

(p < 0.002), hepl digested HS (p < 0.0007), and hepIll digested HS (p < 0.0005), were distinct

from untreated silicon dioxide. The changes in contact angle confirm the presence of a surface

modification.
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Figure 14.1. GAGs can be immobilized to create surfaces. Contact angles for water on various GAG surfaces
were measured. Left and right contact angles were averaged and data is presented in degrecs. * denotes p < 0.05
for a GAG surface compared to silicon dioxide (untreated).

The differences between the contact angles could be indicative of either the degree of

surface modification or the inherent differences in the hydrophilicity of the GAGs tested. In

order to further clarify this phenomenon, and to confirm the presence of GAGs in the surface,
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XPS was performed. The silicon dioxide substrate does not have nitrogen. The hexosamine

component of all GAG disaccharides, however, does contribute nitrogen. Therefore, detectable

nitrogen in surfaces would confirm successful GAG deposition and the atomic mass percentages

would allow for quantities of GAGs immobilized to be grossly quantified. These data indicated

that although other GAGs had not chemisorbed onto surfaces at the same levels as HA, they did

form layers that could be used to examine their role in influencing cell behavior. The ability to

form GAG surfaces on the hydrophilic silicon dioxide substrate was also examined by

ellipsometry to measure surface thickness, which again verified the successful formation of GAG

surfaces (data not shown). HA surfaces were thickest as judged by ellipsometry. This result was

confirmed by atomic force microscopy (data not shown). HA has an intrinsic stiffness due to

intramolecular hydrogen bonds, forming an entangled network between various domains [I 59].

The increased thickness of HA surfaces could have resulted from the increased length of the

polysaccharide chain, the reduced negative charge per disaccharide, or the intrinsic differences

between the molecular structures of HA and other GAGs.
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Figure 14.2. GAG surfaces inhibit protein adhesion. N adsorption onto GAG surthces nas measured by
quantifying the fluorescence intensity. The resistance of FN binding was determined hb normalizing the intensity
results to glass (defined as 0) and no FN treatment (defined as 100). Data is presented as the percent reduction in
bound FN compared to glass. which readily binds FN. * denotes p < 0.05 compared to glass. and denotes p <
0.05 compared to HA.

Using similar analyses, all GAGs were found to form surfaces on glass, and HA, heparin,

HS, and DS formed surfaces on polystyrene. We next sought to confirm that GAG deposition

was widespread across substrates. HA adhered to substrates prevents the binding of negatively

Page 235

i

*t *I 1 *I + *·k

I

1

I

_ L



charged proteins over the entirety of the surface [455]. The ability of GAG surfaces to prevent

protein binding was therefore investigated. The amount of FN (Figure 14.2) and bovine serum

albumin (data not shown) that bound to GAG surfaces was compared to substrate only (no

protein resistance; the negative control) and surfaces with no FN or BSA added (maximal protein

resistance: the positive control). HA inhibited 96.2 i 5.5% of FN binding (p < 2 x 10-7), which

was not significantly different from the positive control (p > 0.99). CS A (74.3 ± 5.5%; p < 9 x

10'7), CS C (89.2 ± 6.1%; p < 2 x 10-7), DS (71.5 ± 8.8%; p < 2 x 10-6), heparin (77.8 ± 13.6%; p

< 2 x 10-5), hepl digested heparin (77.6 ± 2.3% p < 2 x 10-'), heplTI digested heparin (58.9 ±

11.7%; p < 4 x 10-5'), HS (66.0 + 5.8%; p < 2 x 10-6), hepl digested HS (62.1 9.9%; p < 7 x 10-

6), and hepIII digested HS (45.1 9.9%; p < 7 x 10-5'), each produced surfaces that significantly

inhibited FN binding. All surfaces therefore resisted protein binding consistent with widespread

surface formation [455]. FN resistance additionally confirmed surface stability for at least 4

days (data not shown). Similar results were observed with BSA binding.

Digestion of HSGAGs altered the ability of surfaces to resist protein adhesion compared

to undigested HSGAGs. Surfaces formed with hepIll digested heparin (p < 0.02) and with heplll

digested HS (p < 0.009) allowed for significantly more protein binding than heparin and HS

respectively, while treatment of either heparin or HS with hepI (p > 0.27) did not alter the protein

adhesive properties. Interestingly, heptII digested heparin yielded a surface that had similar

protein binding properties as HS (p > 0.70). The properties of digested HSGAGs may therefore

be different from those of undigested HSGAGs, offering four additional surfaces that can be

used to examine the effects on cell function.

14.2.2 GAG surfaces regulate cell adhesive, proliferative, and migratory

properties

After validating that the 10 GAGs could form surfaces, we next examined how they

would affect cancer cells. We reasoned that GAG surfaces, if effective at regulating cancer cells,

would be most likely to have value for skin cancers and ovarian cancer. After the surgical

excision of skin cancers, by Mohs procedure for example, recurrence can occur from subclinical

spread of cancer cells [20, 78]. In ovarian cancer, instrumenting the tumor can seed the abdomen

with neoplastic cells [279, 375, 471]. The ability of GAG surfaces to affect cancer cells was

therefore examined on B16-F O10 murine melanoma cells. For anti-cancer purposes, we reasoned
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that an idealized surface would promote cell adhesion, but inhibit cell growth and metastasis. As

such, if applied post-surgically, cancer cells would adhere to the surface but not proliferate or

seed locally.
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Figure 14.3. GAc surfaces modulate cell adhesion. [316-110 cells ere added to GAG surfaces formed on
glass. The percentage of cells adhered after 2 hours was determined by measuring whole cell count. * denotes p <
0.05 compared to glass. t denotes p < 0.05 compared to FN.

Surfaces were formed on glass with each GAG, B16-F10 cells were deposited, and the

number of cells adhered was determined after two hours. 1 1.1 2.9% of cells adhered to glass

alone. Cells adhered to all GAG surfaces with varying degrees of efficiency (Figure 14.3). HA.

DS and hepIII-digested heparin surfaces resisted cell adhesion similar to glass alone (p > 0.16).

CS C, heparin, and HS surfaces promoted more cell adhesion than glass alone (p < 0.03), but less

than FN-treated glass (p < 0.03). CS A, hepl-digested heparin, and hepl-digested HS surfaces

promoted similar cellular adhesion as FN-treated glass (p > 0.07), significantly more than glass

(p <- 0.008). Hepll-digested HS surfaces notably promoted cell adhesion more than FN-treated

glass (p < 0.05), with 46.1 9.7% of cells adhering.

The effects of GAG surfaces on cell proliferation were next examined. On glass, cell

number increased 643.6 ± 23.0% over 96 hours. FN-treated glass only yielded a 293.8 ± 42.9%

increase in whole cell number. The various GAG surfaces also influenced cell proliferation
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(Figure 14.4). When normalized to the number of cells adhered, surfaces formed with CS C

(761.8 + 108.8%), DS (256.0 ± 18.4%), hepl-digested heparin (197.2 ± 14.1%), heplll-digested

heparin (272.2 16.4%), HS (344.2 19.2%) promoted cell proliferation over 96 hours.

Surfaces formed with HA (-67.1 ± 5.1%), CS A (-43.4 ± 2.5%), heparin (-69.1 5.2%), hepl-

digested HS (-62.2 + 4.2%), and heplll-digested HS (-58.5 ± 12.2%) however, redtced whole

cell number.
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Figure 14.4. GAG surfaces regulate proliferation. GAG surfaces were created on glass. B16-F10 cells were
added to surfaces, and whole cell number was determined at 2. 24, 48, 72, and 96 hours by measuring whole cell
count. Data is presented as percent change in whole cell number alter 96 hours compared to the number of cells
adhered at 2 hours. Numbers illustrate the average percent growth per day. * denotes p < 0.05 compared to glass.
t denotes p < 0.05 compared to FN.

Finally, we explored the effects on metastasis. FAK and CD44 expression were used as

an in vitro surrogate for metastasis as their expression is associated with migration and

metastasis [198, 231, 239, 433, 447]. The expression of these markers was modulated by GAG

surfaces (Figure 14.5). DS and hepll digested HS surfaces yielded cells with the highest

expression of FAK and CD44. Intermediate levels of signaling was observed with FN, HA, CS

C, hepI-digested heparin, heplII-digested heparin, and HS-digested hepl surfaces. Cells added to

untreated, CS A, heparin, and HS surfaces exhibited the most restricted distributions of FAK and
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CD44. Cellular expression of 3-integrin, which has been associated with local adhesion to a

surface [23], and for f-actin, which is associated with changes in cell-cell contacts [98, 130],

were not altered by various GAG surfaces (data not shown), verifying that the observed

expression changes were marker-specific.
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Figure 14.5. GAG surfaces alter FAK and CD44 expression. B16-F () cells were immobilized on (AG surfaces.
C'ells w-erc ixed ater 24 hours. Immunohistochemistry w-as pcrformed for FAK (green) and CD44 (red) using
appropriate antibodies. as wvell as for cell nuclei (blue) using DAPI. The "combined" row represents an overla of
immunohistochemnical results for all three markers.
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14.2.3 GAG surfaces elicit biological effects that are distinct from those of

GAGs free in the ECM

To confirm that the cellular effects observed were not merely a function of adding GAGs

to cells, but rather, that GAG surfaces exhibit novel functionality, the ability of GAGs free in

media to alter proliferation was investigated. B16-F10 cells were treated with GAGs at

concentrations between 500 ng/ml and 500 pg/ml. These concentrations were sufficient to

provide similar and greater quantities of GAG than was found on the surfaces, based on

calculations using surface thickness and average disaccharide volume for various GAGs.

At the concentrations examined, HA (p > 0.26), heparin (p > 0.14), and hepI-digested

heparin (p > 0.26), did not alter cell proliferation (Figure 14.6A). CS C (p < 0.03), DS (p <

0.002), heplIl-digested heparin (p < 0.006), HS (p < 0.006), hepl-digested HS (p < 0.005), and

heplll-digested HS (p < 0.002) surfaces inhibited B16-F10 cell growth in dose dependent

manners. CS A, however, supported cell growth, yielding a final whole cell number 154.1 

16.5% (p < 0.002) of that of untreated cells. To confirm that the proliferative response to

immobilized GAGs was distinct from free GAGs, the percent proliferation after 72 hours

compared to untreated cells was determined, and the results for immobilized (bound) GAGs were

divided by that of free GAGs (Figure 14.6B). A result of -1.0 indicates a similar response to a

given GAG presented in different manners. Only heplll-digest HS (1.1) had a ratio near 1.0,

while all others were greater than 1.2 or less than 0.7, demonstrating a distinct response pattern.

The cellular effects observed with GAG surfaces are therefore novel and cannot be recapitulated

by GAGs free in solution.

Hydrogen bonds are formed between the GAG and the substrate when GAGs are

chemisorbed to produce surfaces [455]. As a result, both the mobility of the GAGs and the

potential conformations the GAGs can assume are likely reduced. The appropriate three-

dimensional structures and spatial orientations of GAGs are important for functional interactions

with proteins [3 19, 392]. It is therefore reasonable that the ability of GAGs to alter cell function

is changed when they are immobilized to produce surfaces.
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Figure 14.6. Immobilized GAGs regulate proliferation distinct from free GAGs. A) B16-F10 cells were
treated with GA(Is. and whole cell number was determined after 72 hours. Data was normalized as the percent of
cells in GAG treated conditions compared to the PBS treated condition. B3) The efect of immobilized (bound)
(jAGs on B16-1 10 cell proliferation was compared to the effect of free GAGs. Whole cell number of B16-F 10
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divided b the percent change for cells exposed to the same free GAG. Data is presented as bound/free. A result
of' 1.0 denotes that cells responded the same to immobilized and free GAGs.
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14.2.4 Selected GAG surfaces have potent anti-cancer activities

The goal of this study was to explore the ability of GAG surfaces to regulate cancer cells

and to identify GAGs that produced surfaces with optimal properties. Ideally, such a surface

would promote cell adhesion, but inhibit cell growth and metastasis. The specific responses of

the various GAG surfaces are summarized in Table 14.1. Unfortunately, no single surface was

the best at promoting cell adhesion, inhibiting proliferation and preventing metastasis.

Nonetheless, two GAG surfaces, hepIII digested HS and heparin, had interesting and promising

properties.

GAGs Cell Cell FAK/CD44 Heplll digested HS surfaces
Adhesion Proliferation Expression best promoted cell adhesion and

HA + ++
.= PBS ++ + prevented proliferation. Whole cell
' Hepl ++ + ++ number was reduced by 58.5 ± 12.2%

HepIIl + + ++
PBS ++ + + compared to the number of cells

. Hepl ++ ++ adhered over four days. B16-FIO
HepIIIll +++ ++

CS A ++ + ± cells added to heplll digested HS
CS C ++ ++ ++ surfaces, however, exhibited high
DS + + +++

levels of FAK and CD44 expression,

Table 14.1. GAG surfaces regulate B16-FIO cell activities in suggesting that migratory and
distinct manners. Each of the biological measures was stratified
into three levels of responses. Cell adhesion and AK/CD44
expression are described as low (+). middle (++), or high (+++). inhibited, and perhaps promoted [198,
Proliferation is described as inhibited (-), promoted (+), or
strongly promoted (++). 23 1, 239, 433, 447]. Heparin, on the

other hand, elicited only moderate cell adhesion, but the greatest growth inhibitory effect,

reducing whole cell number by 69.1 5.2%, and perhaps the most restricted expression pattern

of FAK and CD44. Each of these surfaces has strong properties suggesting potential utility.

Of note, the data presented also serves to screen the various GAG surfaces for other

potential applications. To prevent biomaterial fouling, low protein binding, cell adhesion, and

cell growth would be preferred, for example [311, 312]. These properties are offered by HA

surfaces. For a potential bioreactor system to remove metastatic cells from the blood or other

bodily fluids but still enable study, ideal properties would be strong cell adhesion and cell

growth, a combination of properties that could be achieved with CS C surfaces.
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This study demonstrates that GAG surfaces have potential therapeutic value for cancer.

Whether the effects remain constant between cancer types is not clear, and warrants additional

investigation. Furthermore, future work to understand the specific mechanism by which GAG

surfaces confer their effects is necessary to design idealized surfaces. This study provides a

framework in which the cellular response to specific GAG surfaces can be efficiently examined,

allowing exploration of other GAGs and additional cell lines.

14.3 Significance

GAGs are important regulators of physiological and pathological fiunctions, including

normal development, wound healing, and cancer progression. These complex sugars, found in

the ECM and on the cell surface, are an important component of the BM. The BM, in addition to

other ECM components, plays an important role in preventing the invasion, progression. and

metastasis of cancer. GAGs were chemisorbed to substrates to produce a BM-like environment

to determine if GAG surfaces would be an effective way to regulate cancer cell activities. All of

the 10 GAGs examined formed stable surfaces using a common, simple, and inexpensive

method. Furthermore, each of the GAGs regulated the ability of B16-F10 murine melanoma

cells to adhere. grow and metastasize. The goal of these studies was to specifically identify

GAGs that could be used therapeutically for cancer, which would most likely have applications

in skin cancers and ovarian cancers, where subclinical growth and tumor instrumentation are

common causes for relapses. Ideal surfaces would promote adhesion but inhibit growth and

metastasis. Two such surfaces were identified. Heparin potently inhibited growth and

metastasis with moderate adhesion, while heplll digested HS induced strong adhesion and

inhibited growth, but did not prevent metastatic activity. These results demonstrate that GAG

surfaces can be used to regulate cancer cell activity. Furthermore, heparin and heplll digested

HS surfaces may have potential therapeutic value to reduce recurrences after surgical treatment

for skin and ovarian cancers.
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14.4 Experimental Procedures

Proteins and Reagents. HA (lot # 904572, M, = 2.1 MDa. by light scattering) was generously

provided by Genzyme, Inc. (Boston, MA). Silicon dioxide wafers (1 Mm SiO on Si) were from

International Wafer Service (Portola Valley, CA). Heparin and HS were from Celsus

Laboratories (Columbus, OH). CS A, CS C, and DS were from (Sigma, St. Louis, MO). FBS

was from Hyclone (Logan, UT). L-glutamine, penicillin/streptomycin, and PBS were from

GibcoBRL (Gaithersburg, MD). FITC-labeled BSA, FN, rabbit anti-FN, and goat anti-rabbit-

FITC were from Sigma.

Production and Characterization of GAG surfaces. Glass slides were treated with 02 plasma

for one minute to clean the surfaces and to generate -OH groups. Silicon dioxide wafers were not

treated prior to use. Chemisorbed layers of various GAGs on solid substrates were generated as

described [455]. Briefly, a few drops of 5 mg/ml solutions of various GAGs in distilled water

were placed on silicon dioxide, glass, or polystyrene substrates, and the films were coated by

spin coating at 1000 rpm for 10 seconds. Surfaces were created with HA, CS A, CS C, DS,

heparin, HS, and heparin as well as HS pretreated with hepl or hepllI [30]. For surfaces

produced with digested HSGAGs, heparin and HS at 5 mg/ml were treated with hepI or hepIII

for 30 minutes and boiled for 30 minutes [30]. Partial digestion was confirmed by UV

spectroscopy at 232 nm [31]. Once the films were cast, solvent was evaporated overnight.

Analysis of all GAG surface was performed after washing. To confirm GAG deposition,

XPS spectra were obtained using a Kratos AXIS Ultra spectrometer, with a monochromatic Al

K, X-ray source (1486.6 eV). Pass energy was 160 eV for survey spectra and 10 eV for high-

resolution spectra. Spectra were calibrated with respect to the unfunctionalized aliphatic carbon

with a binding energy of 285.0 eV. Identical settings were used for all samples to allow for

comparisons to be made. Analysis was performed at 90° .

The chemical and physical properties were examined by determining the contact angle of

water as well as the thickness of the GAG layer. The thicknesses of the adsorbed GAG layers

were assessed with a Gaertner L116A ellipsometer with a 632.8 nm He-Ne laser (Gaertner

Scientific Corp., Skokie, IL). Thickness was calculated with a three-phase model.
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The ability of various GAG surfaces to promote or resist protein binding was performed

as described using FITC-BSA and FN [455]. FN adsorption was examined for GAG surfaces

stored in PBS for 1, 2, 3, and 4 days. Stability was assessed by determining whether the percent

of protein bound remained consistent over time.

B16-F10 proliferation assay with free GAGs. B16-F10 cells (American Type Culture

Collection, Manassas, VA) were maintained and used for proliferation assays as described [32].

Briefly B16-F10 cells were diluted to 5 x 104 cells/ml and added to 24-well plates. After serum-

starvation for 24 hours, cells were treated with 500 ng/ml, 5 gtg/ml, 50 plg/ml, and 500 Vtg/ml of

GAGs. Control cells were treated with an equivalent volume (10 pIl) PBS. Partial digestion was

performed as described [30, 31]. Whole cell numbers were determined by electronic cell counter

after 72 hours. Cells were washed twice with PBS and treated with 500 l/well trypsin for 5

minutes. Cell counts were performed on 400 pil was from each well. Average whole cell counts

for experimental conditions were normalized as the percentage of control cells present at the

experimental endpoint.

Cell adhesion and proliferation on immobilized GAGs. B16-F10 cells were grown until

confluence in 75 cm2 flasks. Each flask was washed with 20 ml PBS, and treated with 3 ml

trypsin-EDTA at 37°C for 3-5 minutes, until cells detached. Cells were centrifuged for 3

minutes at 195 x g. The supernatant was aspirated and the cells were resuspended in 10 ml

media. Cell density was measured by electronic cell counter, and the suspension was diluted to I

X 106 cells/ml in FBS-deficient media. Surfaces on silicon dioxide were placed on 100 mm

dishes, washed twice and incubated for 2 hours under UV light in PBS supplemented with 100

tg/ml penicillin and 100 U/ml streptomycin. Sufficient cell suspension to create a fluid film

across the entirety of the GAG surface (130 pI1) was added to each GAG surface. To measure

effects on cell adhesion, cells were incubated on surfaces for 2 hours and washed with PBS. The

adhered cells were quantified by electronic cell counter after treatment with ml trypsin-EDTA

sufficient to detach the cells. To measure effects on cell proliferation, cells were added and

allowed to grow for 2 hours as described. After 2 hours, plates containing surfaces were washed,

supplemented with 10 ml FBS-deficient media, and incubated for an additional 22, 46, 70, or 94

hours at 370C. C(ells were counted by electronic cell counter after trypsin treatment.
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Immunohistochemistry. B16-F10 cells were added to GAG or control surfaces as described.

Surfaces were washed twice with PBS after 2 hours to remove cells that did not adhere. Cells

were grown on surfaces for an additional 22 hours, washed with PBS, and fixed for 10 minutes

in 3.7% formalin. Cells were treated with 0.1% triton X-100 for 5 minutes and preincubated in

1% bovine serum albumin in PBS for 30 minutes.

Rabbit anti-FAK (Upstate Group, Charlottesville, VA) and rat anti-CD44 (United States

Biological, Swampscott, MA) were added to cells at a 1:100 dilution and incubated for 4 hours.

Cells were subsequently treated with Texas red-labeled goat anti-rat secondary antibody

(Molecular Probes, Eugene, OR) and FITC-labeled chicken anti-goat secondary antibody

(Molecular Probes) and incubated for hour. Cells were then treated with DAPI (Molecular

Probes) for 5 minutes at room temperature. Alternatively, goat polyclonal antibodies to PI

integrin (Santa Cruz Biotechnology, Santa Cruz, CA) were added at a 1:100 dilution and

incubated 4 hours. FITC-labeled chicken anti-goat secondary antibody (Molecular Probes) and

Texas red-labeled phalloidin (Molecular Probes) were added and incubated for hour. DAPI

was then added for 5 minutes at room temperature.

Staining was then visualized by fluorescence microscopy. Controls of no antibody,

primary antibody only, and secondary antibody only were performed. For both staining sets,

fluorescent optical images were obtained using an inverted microscope (Axiovert 200, Zeiss) and

acquired with Openlab 3.1.5 software. Images were processed using Adobe Illustrator 10.0.

Statistical analysis. Results are expressed as mean ± standard deviation. The Student's t test

was used for statistical analysis. Ap value of < 0.05 was considered statistically significant.
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Chapter 15. Conclusions and future work

Developing techniques to understand the effects of GAGs on cells is of growing

importance as biochemical and analytical tools to probe GAG structure and function

progressively emerge. The results of the research described in this thesis shed important insight

into the biological activities of GAGs, the mechanisms by which GAGs can regulate cell

function, and the importance of GAGs in various diseases. Furthermore, the methods developed

and described can help to further explore the cellular effects of GAGs on proteins, cells, and

diseases.

In order to explore the functions of GAGs. HSGAG-FGF2 interactions were first

examined as a model system. Studies exploring the utility of dFGF2 in stroke validated that this

engineered protein could be used to promote functional recovery of stroke. Further work,

however, is necessary to determine its potential to become a new treatment for this important

condition. Cell surface HSGAGs were also characterized as important modulators of FGF2.

Specifically. the presence or absence of specific structural moieties within the cell surface

HSGAG can determine a cell's responsiveness to FGF2. This finding was confirmed for other

members of the FGF protein family. Furthermore, these effects were validated in other cell

systems, including cancer growth and metastasis, where they can similarly influence the activity

of other protein families. Of importance, these findings elucidated that specific HSGAG

moieties can independently influence primary tumor growth and metastasis. The potential for

specific cell derived HSGAGs to control aspects of cancer growth and progression warrants

further investigation.

The ability of other GAGs to influence FGFs as well as VEGFs was subsequently

examined. Highly sulfated HSGAGs and CS/DS GAGs were found to regulate FGF1, FGF2,

FGF7, VEGF-A, VEGF-C, and VEGF-D. Additionally, these GAGs could regulate cellular

activity in a pool of growth factors. Specifically, heparin and highly sulfated DS elicited

opposing responses from mixtures of FGF7 and VEGF-A. suggesting that GAGs could be used

to define the behavior of cells when they are exposed to combinations of growth factors.

The effects of FGFs in the colonic epithelium were additionally investigated. FGFs were

found to elicit cellular responses in cells not expressing the corresponding FGFRs. Syndecan-l

served to shuttle FGFs to the nucleus where they could induce cellular responses. Based on
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these results, syndecan-l was investigated as a potential modulator of inflammatory bowel

disease, and was found to have a protective effect against chemically induced colitis. Future

work is necessary to further establish syndecan-1 as a protective agent in inflammatory bowel

disease, and to determine its therapeutic potential.

Attempts to explore intracellular GAGs led to the discovery that forming conjugates

between heparin and a class of polymers, poly(f3-amino ester)s, can promote heparin

internalization by endocytosis. Poly(f3-amino ester)-heparin conjugates are taken up

preferentially by cancer cells, likely as a function of their faster endocytic rate. Upon

internalization, conjugates induce apoptotic cell death, with maximal effects observed in

melanoma cells. In cells where conjugates do not promote cell death, such as in Burkitt's

lymphoma cells, where they promote cell growth, they can be used to probe cell function, and

have been used to determine that cell surface HSGAGs are important modulators of Burkitt's

lymphoma proliferation that can be targeted to inhibit cell growth. Application of poly(3-amino

ester)-heparin conjugates to tumors in vivo demonstrates that they are not only effective at

preventing tumor growth, but also they do not have detectable toxicity. These findings

demonstrate that internalized heparin is a potential new anti-cancer agent that warrants further

investigation. Furthermore, endocytic rate is an important feature of cancer cells distinguishing

them from non-transformed cells, which can be harnessed by drug delivery systems and anti-

cancer agents to enable targeted delivery of chemotherapeutics. Future work will be necessary to

further validate the anti-cancer effects of poly(j3-amino ester)-heparin conjugates, to confirm the

low toxicity associated with their use, and to determine their value as a potential therapeutic.

Finally, studies that aimed to broaden the scope of GAG biology revealed that HSGAGs

are important mediators of inflammation-induced vascular permeability, and that GAG surfaces

are an effective means to influence cancer cell activity. Inflammatory peptides were found to

promote endothelial monolayer dysfunction through cell surface syndecan clustering and stress

fiber formation. This finding can serve as the basis for future studies probing the specific

cellular pathways by which inflammatory peptides induce vascular permeability. GAGs could

be immobilized on substrates forming surfaces with stability provided by hydrogen bonds. GAG

surfaces elicited cellular activities in cancer cells distinct from GAGs free in the ECM.

Furthermore, by developing a library of GAG surfaces, those with desired properties can be
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selected. Future work is necessary to identify and develop optimal GAG surfaces in order to

determine their potential in various biological applications.

Taken -together, the results presented demonstrate several mechanisms by which GAGs

can regulate cell function. The model systems in which the studies were performed were

relevant to various pathologies, suggesting that these results may be of importance in developing

nekw treatments for disease. Further understanding of the roles of GAGs in these and other

systems, as well as the use of the new technologies described, may prove important in gaining a

deeper understanding of several human pathologies, potentially leading to new treatments.
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Abbreviations
A5 Polymer composed of diacrylate "A" and amine 5"
AFM Atomic force microscopy
AJ Adherens junction
AT-III Antithrombin III
BAEC Bovine aortic endothelial cell
BL Burkitt's lymphoma
BLMVEC Bovine lung microvascular endothelial cell
BM Basement membrane
BSA Bovine serum albumin
CPM Counts per minute
CS Chondroitin sulfate
DAPI 4'-6-Diamidino-2-phenylindole
ddDS Doubly chemically oversulfated dermatan sulfate fraction DT
dFGF2 Dimeric fibroblast growth factor 2
DFMO Difluoromethylornithine
DG Dentate gyrus of the hippocampus
diDS Chemically oversulfated dermatan sulfate fraction DT
DMEM Dulbecco's modified Eagle medium
DS Dermatan sulfate
DS DT Dermatan sulfate fraction DT
DSS Dextran sodium sulfate
DTT Dithiolthretol
EBV Epstein-Barr virus
EC Endothelial cell
ECM Extracellular matrix
Erk Extracellular signal regulated kinase
FBS Fetal bovine serum
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FITC Fluorescein isothiocyanate
FITC-BSA Fluorescein isothiocyanate -labeled bovine serum albumin
FLTC-lgG Fluorescein isothiocyanate -labeled goat anti-rabbit immunoglobulin G
FN Fibronectin
Fz Frizzled
GAG Glycosaminoglycan
GPI Glycosylphosphatidylinositol
HA Hyaluronic acid
HBP Heparin-binding protein
HBSS Hank's buffered saline solution
Hep Heparinase
HRP Horseradish peroxidase
HS Heparan sulfate
HSGAG Heparin/heparan sulfate-like glycosaminoglycan
HSPG Heparan sulfate proteoglycan
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IBD Inflammatory bowel disease
Ig Immunoglobin
I'L-3 Interleukin-3
LDH Lactic acid dehydrogenase
LMP Latent membrane protein
LMWH Low molecular weight heparin
MCA Middle cerebral artery
MEM Minimal essential medium alpha
Ml Mitogenic index
MLCK Myosin light chain kinase
NBT-II Nara bladder tumor No. 2
ODC Omithine decarboxylase
PA Polvarginine
PAE P'olvy(-amino ester)
PBS P'hosphate buffered saline
PDZ PSD95/DLG/ZO-
PEI Poly(ethylene imine)
PG Proteoglycan
PI Proliferative index
P13 K Phosphoinositol 3-kinase
PKC Protein kinase C
PL Polylyvsine
PMA Phorbol 12-myristate 13-acetate
PMN Polymorphonuclear leukocyte
RT reverse transcriptase
SMC Smooth muscle cell
SVC Subventricular zone
TCF/LEF T cell factor/lymphoid enhancer factor
TEER Transendothelial electrical resistances
TER Tlransepithelial resistance
TGF Transforming growth factor
TM Ammonium tetrathiomolybdate
TJ Tight junction
UDS Unfractionated DS
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
XPS X-ray photoelectron microscopy
ZO- 1 Zona occludens- 1
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