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EFFECTS OF DEFUCOSYLATION ON HUMAN
BREAST CANCER CELLS

KUN YUAN

MOLECULARAND CELLULAR PATHOLOGY
GRADUATE PROGRAM

ABSTRACT

Carbohydrates can be conjugated to protein or lipids and participate in multiple cell-cell
and cell-matrix interactions. Altered glycosylation events may be associated with cancer
development and progression. Elevated fucose-containing glycans are one of the most
prominent examples of malignancy-associated changes. Our work is based on the
hypothesis that modification of cell surface fucosylation can alter certain cell functions
known to be critical for neoplastic progression. Alpha-L-fucosidase (a-L-fase) is a
glycosidase that specifically removes a-L-fucose (a-L-f) from glycosylated proteins and
lipids. We found a-L-fase treatment decreased the level of o-I-f on cell surfaces of the
highly metastatic human breast cancer MDA-MB-231 and severa other human breast
cancer cell lines. Important cellular functions including proliferation, adhesion and
invasion of these cells were studied to evaluate the potential effects of a-l-fase.
Expression of CD44, CD15, sialyl Lewis X and the activity of matrix metalloproteinase 2
and 9, al involved in tumor progression, were also examined after o-L-fase treatment.
Fucosidase treatment was found not to affect cell proliferation in vitro, but to dramatically

decrease the invasive capability of tumor cellsin vitro. Zymography of conditioned media



from these cells revedled a decreased MMP-9 activity after treatment.
Deoxyfuconojirimycin, an a-L-fucosidase inhibitor, reversed the inhibition of both cell
invasion and MMP-9 activities. Defucosylation impaired cell adhesion to severa
components of the extracellular matrices, and diminished the detection of sialyl Lewis X,
CD15 and CD44. A dys-synchrony of B1 integrin-fucose colocalization was aso
identified. In a physiologically-ssmulating flow chamber system, o-I-fase treatment was
found to impair the rolling of MDA-MB-231 cells on human umbilical vein endothelial
cells and purified adhesion molecules. In summary, fucose-containing glycans were found
to be widely expressed on the cell surface of breast cancer cells and could be effectively
removed by fucosidase treatment. Defucosylation impaired interactions critical for
mammary neoplastic progression between cells and external milieu, and thus, affected
their functions related to dissemination. Decreasing cell fucosylation may thus provide a

novel approach to deter tumor progression.
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CHAPTER 1

INTRODUCTION OF GLYCOSYLATION IN CANCER

Glycosylation Overview

Glycosylation is defined as the conjugation of acitles to carrier proteins
(Figure 1) and lipids. Monosaccharides, the smallest carbatg units and, thus,
the building blocks for glycosylation, interact viaultiple linkages to form
oligosaccharides and polysaccharideghich are also referred to as saccharides or
glycans. The glycosidic linkages are the covalemids connecting monosaccharides
through hydroxyl groups at different positions le ttarbohydrate ring, which can be
further divided intoo or B linkages, depending on the position of the oxygethe
anomeric carbon. Oligosaccharides are linear andbved chains comprising several
monosaccharides, while polysaccharides usuallyatotérge glycans with repeating
oligosaccharide motifs. Glycoconjugates are oligobaride units covalently linked
through glycosidic bonds to protein forming glycogins, to lipids forming

glycolipids, and to other polysaccharides constiguproteoglycans. With advances



in glycobiology, “the glycoform”, denoting the spic conformation and

composition of oligosaccharides within the glycdraio has become the accepted

umbrella terminology. In summary, glycosylated stmwes are both highly

complicated and variable due to the innumerablebdoations of monosaccharides,

linkage variables and positioning of hydroxyl greups well as molecular branching

patterns, giving these glycoforms their unique dtites and functional

characteristics.
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Figure 1. lllustration of N- (Top) and O-glycosylaton (Bottom) on a
representative glycoprotein Through an -Nkl or -OH group, Asparagine, or
Serine (Threonine) in a polypeptide is conjugatedltacetylglucosamine (GIcNACc)
or N-acetylgalactosamine (GalNAc) respectively, ldwter further linked to other
monosaccharides to build the glycosylated chaine Tellow box represents
individual amino acids in a polypeptide backbonée Tblue and green boxes
represent characteristic “R” groups of asparagseeine or threonine respectively.
The N- or O-glycosylations are named accordindghtoatom (highlightened in red)
which links the carbohydrate rings to the polypespti



Biological Roles of Glycosylations

Glycosylation is one of the most important poststational modifications
that occur in proteins and carbohydrate conjugatidlycans are now widely
acknowledged to play critical roles in both prot&inction and molecular lifespan.
Glycosylation events attract relatively less aitanfrom biomedical investigators
than that afforded proteins and nucleic acids, iaine to the enormous diversity
of glycans, underlying their many versatile funno The prevalent expression of
carbohydrates associated with various types ofogisatein and glycolipid moieties
underlie their participation in various moleculasnomunication events between
cells and between the cell and its matrix. It hasrbpreviously established that
glycosylation of proteins modulate that proteinderin recognition, stabilization
and maintenance of the conformational state of tiratein ™, which in turn
influences cell differentiation, embryogenesis, kleeyte trafficking, immune
regulation’” and many other biological events important foramigm development,
growth and survival. The characteristics of glydasgn mediated recognition and
interactions are alternatively weak, and multipiet precise and intricately encoded
Bl The sum of these subtle effects can result imete modification of the final
biological functions of these proteins. The funetb diversity of glycosylation

events arises from their multiple linkages, branghipatterns and terminal



modifications. Furthermore, one particular glycamaymplay different roles
depending on the biological module to which it ash and the specific
environment in which the interaction occurs.

The structural and modulating functions that glycaonfer are through
folding, trafficking, packaging, stabilization, pease protection, and maintenance
of quaternary structuré’. For example, selective glycosylation of specifie
glycosylation sites results in functionally distinceceptor glycoproteind®.
Additionally, branching arrangements in complexetytp-antennary N-glycans can
regulate ligand-binding properti€. Diverse targets of glycosylation modification,
in turn, include RNA polymerase, transcription €ast chromatin-associated
proteins, proto-oncogenes, tumor suppressors andskaletal component$’,
Further examples include the knowledge that glyladn of gastric mucins help to
maintain its normal structure and the propertieshef gastric mucu’, while the
size of carbohydrates bound to the adhesion maec@AM-1, affects its binding
to the Mac-1 integrif?".

In addition, glycosylation events participate inrigas signal transduction
pathways and modulate cell development and differtion . O-GIcNAc exists as
a single monosaccharide residue without furthengdtion and provides highly

dynamic, transient modifying effects. O-GIcNAc machtion resembles



phosphorylation and may act as an antagonist tggstarylation thereby working in
concert with it to regulate protein interactiold . Glycosylations usually imply
incomplete on-off switching and “fine-tuning” effiscto modify the functions of the
protein to which it is attached. A few examplestodse functions include hormone
binding Y, intracellular transportatiot?, secretion™ and association of growth
factor growth factor receptofd®, along with regulation of cytokinéd® and the
secretion of organ/tissue-specific cellular surfaesecules such as prostate specific
antigen™®,

Thirdly, glycans also constitute ligands for endomes or exogenous
macromolecules by forming recognition epitopésinteractions involving glycan
ligands lead to cell activation, embryonic develept) organogenesis, and
differentiation as well as transformation and naept progression. With
considerable structural specificity, certain glysact as receptors and/or decoys for
a variety of viruses, bacteria, parasites and ®XInIncreasing evidence points to
the conclusion that, oligosaccharides participatecell-cell recognition and cell-
matrix interactions involving adhesion moleculegy. eselectins, CD44, cadherins
and integrins. Although single site glycan-ligarifingties may be weak, considering

the innumerable glycoproteins carrying that spegfycan, it's not surprising to find



that relatively high-avidity effects can be accuated! at a level sufficient to mediate

biologically interactions.

Glycosylation and Cancer

Alterations of the glycosylation status of mammali@ells are commonly
found to be associated with malignant transfornmagind neoplastic progressidfl,
and these altered glycans also exert a functiami@ieince on multiple cellular
targets. Embryogenesis and cellular activation geeerally concomitant with
changes in cellular glycosylation profiles; likeejsaltered glycosylations are often
seen in tumor cells during rapid growth, adhesionother cells and matrices,
invading of surrounding tissues and distant mesastd. Certain types of glycan
structures are well-known tumor markers useful fdinical diagnosis and
predicting prognosis. Either diminished or enhanegaression of certain structures
are found in glycosylation states associated withlignancies, other changes
include persistence of incomplete or truncated csires, accumulation of
precursors, and appearance of novel structuresnglea of these changes include,
different glycosylation profiles that have beenniliied to be cell line specific in

regard to MUC1 mucin production in human breasteamell lines'®, Osteolytic



variants of human breast cancer cell lines haviaduibeen seen to have prominent
differences in the type of glycosylations as coregdato non-osteolytic parental
cells. Increased expression of certain glycosy#ierase genes have also been
noted to be associated with enhanced binding te losgarrow endothelial cells and
to the extracellular matri%”. Malignancy-related changes have also been reyeale
in glycolipids. Gangliosides that participate ifl @hesion and subsequent signal
transduction alterations have been seen to leadertbanced motility and
invasivenes$?”. Sialyl fucosyl poly-N-acetylgalactosamine gangiétes, without
the sialyl Lewis epitopes, lastly have been showbé able to mediate E-selectin-
dependent rolling and tethering under physiolobieas stress conditiorfs’.
Alterations in the glycoform of tumors are mainhetresult of the alteration
in the activity of glycosyltransferases. Tissueesfi® regulation of
glycosyltransferases contributes to its influence the structural diversity,
localization, half-life, and biological activity oflycoproteins.Biosynthesis of
carbohydrate  structures is tissue-specifically Isegd by unique
glycosyltransferases including fucosyltransferasemlyltransferases, and N-
acetylglucosaminyltransferases. Multiple glycosyisferase genes are also up-
regulated during neoplastic progression and thigeese results in extensive

glycosylation of glycoconjugates in cancer c&fls



During tumorigenesis and tumor progression, prexateanges occur in the
glycosylation of various glycoproteins, includingesylcholinesterase in human
breast cancéf®, human chorionic gonadotropin in choriocarcindfffay-glutamyl
transferase in kidney and prostate cancBr§ ribonuclease in pancreatic
adenocarcinom&®, and thyroglobulin in papillary thyroid carcinonfd. Some
well-established tumor associated antigens alsplajisdifferent glycoforms, in
contrast with their normal counterpart. In neoplas@mong these glycosylation
changes elevated fucosylation was identified iroeigsion with prostate specific
antigen (PSA) andx-fetoprotein (AFP) derived from tumor origin® %%\ The
glycosylation of serunxl proteinase inhibitor in patients with breast avdrian
cancer has subsequently been found to have dedrbemeching, an increase an
2,6-sialic acid and increase in card,6-fucose 3!

Concurrently, haptoglobin has been shown to haweeased branching,
more branches ending in-2,3-sialic acid and increased terminall,3-fucose
associated with these tumdt3. Increased fucosylation of serum antitrypsint®®!
and transferrif® were similarly found in patients with hepatoceltutarcinoma.
The glycosylation of caricoembryogenic antigen (GEoh colon epithelial cells

from tumor resources has also been seen to beageplwith different patterns,

characterized by elevated Lewis x antigen (Lex) @aovo expression of Lewis y
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antigen (Ley) on these tumor-associated CEAs. THeseis antigens have
previously been found to mediate the recognitiormafignant CEA by dendritic

cells 3%

. Increased O-glycosylation on mucins has also breported in T47D
breast cancer cell¥’. Abnormal glycosylation of mucin in neoplastic &setissue
has been found to result in the exposure of a highimunogenic core peptide
epitope as well as the normally cryptic core TnnSand TF carbohydrates. O-
glycosylation is similarly known to contribute tieet conformational and dynamical
effects within the immunodominant region of MUE1.

The modifications of antigenic epitopes by glycasigih render significant
effects on immunological responses too. Studiese haported that the glycan
moiety can affect the carrier glycopeptides’ immgeicity recognized by T cells
(38 as well as NK cell mediating immune responé@sThe efficiency of dendritic
cells to process mucin and the resulting stren§img CTL activity were similarly
see to be inversely correlated with the degreelpfogylation of the antigelt®.
Other studies have shown N-linked glycosylationrégjuired for the effective
presentation of mouse mammary tumor virus supeyansi to T cell$*”. In other
work, all-trans retinoic acid has been seen to efs® the activity ofr-1,2-

fucosyltransferase in a rat colon carcinoma ce#divariant, resulting in decreased

expression of fucosylated glycoconjugates and anif@sgnt increase in the
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sensitivity to Lymphokine-Activated Killer cell (LK) cytotoxicity “?. Removal of
fucose from antibodies has been seen to enhancbodyvdependent cellular
cytotoxicity (ADCC) by anti-human epidermal growffictor receptor humanized
antibody in the immunotherapy of breast cancerepéi*®.

Both the clustering and the conformation of carluhtes displayed are also
know to be important in initiating efficient antkscharides immune respons&4
The N-glycosylation of the light chain variable i@y of antibodies has been
reported to affect its antigen-binding activity dafurther, with its identification in
standard immunologic test¥). Along similar lines, the aberrant glycosylatioh o
MUC1 on tumor cells affects the efficiency of molwal antibodies to recognize
the carrier glycoproteiff®. Sialic acids on termini of neighboring oligosaadtes
significantly limit the recognition of the peptidegion of MUCL1 by the antibodies
HMFG-1/2 and SM-3“"!. High levels of under-glycosylated MUC1 have been
found in benign prostate hypertrophy, as well apriostate cancer and metastatic
prostate cancer tissues, which could not be detebte antibodies specific for
MUC1 carbohydrate epitop&¥.

The functional roles that glycans play in tumor as¢édses are a consequence
of aberrant tumor glycosylation, which in turn,nséates into a poor prognosis in

patients with cancer. Glycans play a fundamenttd no defining the molecular
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mechanisms for metastases and for promoting thenizaltion of neoplastic cells in
target organs. Further, alterations of glycosytati@mve been identified during the
final transformation of breast cancer to a metasghienotype*® and have been
shown to be directly associated with nodal metastdd. Specifically, abundant
expression off-1,6-branched oligosaccharides have been assocwtedbreast
carcinoma lymph node metastasis and proven to firedictor of poor outcome in
node-negative tumors®Y. Additionally, lymph-node-metastatic mammary
carcinomas have been shown to contain more tri4gina-antennary structures than
those non-metastatic carcinomad.

In summary, increased branching of complex carbaited, sialylation, and
enhanced Lex and sLex antigen expression on heghjitosylated cell adhesion
molecules including integrins, cadherins and imngloloulin superfamily
members, all are known to contribute to the actjaisiof the metastatic phenotype
B3 One such example is the finding that N-cadhermf metastatic melanoma
cells was found to contain more tri- or tetra-antay complex type glycans with
a-fucose and sialic acid than their non-metastatiept cells®. Changes in the
glycosylation pattern of malignant soft tissue tusnare further known to mirror
their cellular activity, differentiation, cellulalistribution as well as their ability to

engage in malignant transformation and tumor pssiom °°. The hepatic
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metastasis of colorectal cancer are similarly daree with their surface
expression of Lex, sialyl dimeric Lewis x and thieding sites of fucosylated
carbohydrate chain€®. Glycosylation events may also yield negative effemt
tumor progression. O-linked glycoproteins on SW1p8fcreatic cancer cells have
been seen to inhibit their adhesiveness and agipagdn addition, reducing O-
glycosylation has been seen to enhance cell adhasidVatrigel, laminin and

collagen type IV while promoting homotypic cellukggregatiorr”.

Breast Cancer

It is estimated that 32% of all new cancer casesmerican women in 2006
were of breast origin and 15% of all cancer deattiemales was directly related to
this same group of malignancies, secondary onliuig cancer in frequency®.
Tremendous efforts have been made regarding thémeat of breast cancer. The
combination of chemotherapy, radiation therapy, aadyery has vastly improved
the average patient’s course. Unfortunately, thgontp of deaths from breast
cancer is still associated with metastases, natablye brain and bone. Decreasing

the possibility of breast cancer recurrence, esfigaiistant metastasis, will most
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likely produce a survival benefit and a potentiaignificant improvement in quality
of life in women with breast cancer. Thus, earlyedgon and interference of tumor
progression (namely, invasion and subsequent ras&est are pivotal in decreasing

the death rate of patients with breast cancer.
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CHAPTER 2

METHODS

Maintenance of Cell Lines

MDA-MB-231, a highly invasive human breast cancell dine, was

obtained from the ATCC (American Type Culture Cclien, Manassas, VA), and

cultured in Leibovitz's (L-15) medium supplementedh 10% fetal bovine serum

(obtained from the Media Preparation Shared FesslitUniversity of Alabama at

Birmingham, Al). Cells were maintained at‘@7in a humidified atmosphere

without exogenous CQas recommended by ATCC. Other human breastloeds

used including T47D and MCF-7 cells along with HIBD human fibrosarcoma

cells, which were recovered and expanded from ‘“15feezer stocks, were

maintained under similar standard techniques. Hubhabilical Vein Endothelial

Cells (CRL-1730)were purchased from the ATCC (Manassas, VA), atdirad in

Ham's F12K complete growth medium (ATCC 30-2004ppemented with 10%

fetal bovine serum and 0.03 mg/ml endothelial ggwth supplement (Sigma,
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Saint Louis, MO). HUVEC cells were cultured on 3rbdiameter culture dishes

(Costaf’, Corning, NY) at 3T, supplemented with 5% GO

Antibodies, Lectins and Antagonistic Agents

The following antibodies and antagonists were uBadibit anti-human CD44
polyclonal antibody HCAM-1(Santa Cruz Biotechnolpgpanta Cruz, CA),
phycoerythrin (PE) labeled mouse anti-human CD4saunlmnal antibody, FITC
labeled monoclonal mouse anti-human CD15 antibodguse anti-human sialyl
Lewis x mAb Km93 (Calbiochem, La Jolla, CA), FIT@bkled Ulex Europaeus
agglutinin & Lotus Tetragonolobus lectin (CaltagurBhgame, CA). Biotin,
peroxidase and FITC labeled Ulex Europeus agghutitiUlex) were purchased from
EY labs (San Mateo, CA). Type | collagen, gelatirgparin, hyaluronic acid,
tunicamycin, swainsonine, benzyl-N-acetyl-a-D-gadaamine ando-L-fucosidase
(from bovine epididymis) were all purchased fromgr8a Chemical Co. (Saint Louis,
MO). Deoxyfuconojirimycin was acquired from InduatrResearch Ltd., (Wellington,
New Zealand). Other materials used included: ®ficcentrifugal filters YM-10
(Millipore, Bedford, MA), MTT assay kits (Promegdadison, WI), and BCA agents
(Pierce, Rockford, IL). Streptavidin alkaline phbamse and Western Bfue

stabilized substrate for alkaline phosphatase werehased from Promega (Madison,
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MI). Transwell plate inserts (6.5 mm diameter, 8@ pore size) were purchased
from Costaf (Corning, NY). CellTracE’ Calcein Red Orange and green, Alexa 647
goat anti-mouse IgG, Alexa 647 anti-mouse IgM, atrdptavidin conjugated with
Alexa Fluor 488, were purchased from Molecular REBHEugene, OR). All other

chemicals were obtained from Sigin@hemical Co., if not individually specified.

HuBiogel® a Natural Human Extracellular Matrix

HuBioge’ was kindly provided initially by Diversified Scitfic
Incorporated and subsequently by In Vivo Bioscisn@eoth of Birmingham, Al).
HuBiogel® is a natural complex biologically-active extrao&l matrix derived from
normal human amniotic membranes, as modified frechriiques first developed by

19, The major components of HuBio§edre types | and IV collagen,

Siegal et a
laminin, entactin, tenascin, and heparan sulfabéepglycan. Non-detectable are the
growth factors EGF, FGR, TGF-alpha, TGH1.3 and PDGF®*?. HuBiogef has been
validated as a suitable model of human derived E@Mhe study of tumor invasion

(%] "HT 1080, a highly invasive human fibrosarcomd lieé, was used as a positive

control cell line to further define the effectivesseof the technique.
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Fucosidase Treatment Protocol

Fucosidases are the major lysosomal glycosidasésdlalyze the removal of
fucose residues from glycosylation sites. Alphadtcefsidase (E.C. 3.2.1.51),
hydrolyzes the:-1,2-,0-1,3-,a-1,4- oro-1,6-L-fucose linkage glycosidic bonfd.
Exogenous glycosidases have been widely used tifyntbd composition of cell
surface glycoproteins; “Debulking” fucosylation aydirect biochemical approach
would be presumably faster, more convenient ancerolimically practical compared
to available genetic manipulations. Therefore, alpFfucosidased-L-fase), was
diluted in sterile PBS to a concentration of 1.69/ml (8.8mU/1(§ cells). This
concentration was found to maximally decrease ubede expression on MDA-MB-
231 cells without significantly affecting cell vidity. Briefly, cells were cultured to
70-80% confluence, followed by 0.25%psinization. Cell numbers were counted,
fucosidase (8.8 mU /2@ells) was then mixed together with the cells treh
incubated, at 3T, for 30 minutes. Cells were finally washed with$&nd

centrifuged to remove any residual fucosidase.
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Invasion Assay of Tumor Cells through HuBiogét

Transwell plate inserts (6.5 mm diameter, 8.0 pme gize) were coated with
HuBiogel® (0.64 mg/ml) and left to dry overnight in a bicstgf hood. Cells were
trypsinized and treated with-L-fucosidase as described. In parallel, the same
number of cells was treated with fucosidase plusM Deoxyfuconojirimycin
hydrochloride (DFJ) simultaneously, at‘@7 for 30 min. As a further control, cells
under identical conditions were sham treated wBi$P5 x 10 cells from each group
were plated in 40d of appropriate media containing 1% FBS. The Ioalambers
were filled with L-15 medium containing 10% FBS.eTmvasion assay assemblies
were immersed in 6-well culture plates with 10% F&®plemented culture medium
outside the invasion chamber. For experimentsgu#iile glycosylation inhibitors,
Tunicamycin  (1Qg/ml),  Swainsonine  (O@&y/ml), Benzyl-N-acetyl-a-D-
galactosamine (i.e., Benzyl-GalNAc, fddml) or Ulex lectin (ug/ml) individual
agents were added to the upper chambers of theignvaystem. After 48 hrs, filters
were removed and stained with dilute solution ofstal violet. The number of
invading cells on the whole filter was counted ur2lg0 X magnification with the aid

of a reticle-containing eyepiece.
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Proliferation Assays measured by MTT and AutomaticCell Counting

Cells were trypsinized, resuspended in PBS, couareda subset was treated
with fucosidase as described. 2 xZ316ells/well, in 100 ml of medium,
were then plated onto a 96-well culture plate. Ar024 hrs, 48 hrs and 72 hrs post-
treatment, an MTT assay was performed in triplicae per the manufacturer’s
instructions. The optic density was read with ddSA reader at 490 nm for
calibration. As an alternative method, cell proifiton was also determined by
counting individual aliquots of cells, in tripliGgtusing an automatic Beckman Cell
counter. In these later experiments, cells inghesence or absence of fucosidase
were grown in 24-well culture plates for the indezhtime. At the end of each time
point, cells were harvested in trypsin-EDTA. Edche point represented 5 samples,
and each experiment was performed in triplicatber® was no statistical difference

between the 2 methodologies.

Static Adhesion Assay

96-wells culture plates were coated with HuBi@ag€0.64 ug/ul), type |
collagen (1 mg/ml), hyaluronic acid (1 mg/ml), lam (5 pg/ml) or fibronectin (1

ng/ml) as noted beforé?. MDA-MB-231 cells were harvested and treated with-
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fucosidase or PBS. 10,000 cells under either cammdiwere plated onto these coated
wells. The number of adhered cells was determingdtbwing the protocol of
Rusciano et al®¥!, Cells were let to adhere for different statedeinand plated wells
were washed with PBS 3 times and fixed with 4% foanaaldehyde for 30 min.
Adherent cells were subsequently stained with Oct$stal violet for 15 min and
washed with distilled water. Crystal violet in thtained cells was then released in 5%
Triton X100. The optic density was calibrated widh ELISA plate reader at a
wavelength of 570 nm. Data were expressed as tla mE8 wells+= SE. Some
experiments were measured directly by an Olympusriad microscope with aid of a
grid eyepiece (Fisher). In blocking experimentsalyonic Acid and HuBiog& were
coated on 96-well plates and either km93 anti-sir@noclonal antibody or HCAM
anti-CD44 polyclonal antibody were applied to blottie specific sLex or CD44

mediated interactions, respectively.

For the static adhesion assay on HUVEC, after fidese treatment, the same
number (5 x 18ml) of treated and control MDA-MB-231 cells wereesled onto the
confluent HUVEC monolayer cultured on 96 well-pkatéfter the indicated time of
co-culture, the wells were then gently washed irfSRBid the adhered tumor cells

were counted under microscopy with the aid of d gyepiece. MDA-MB-231 cells
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overlaying HUVECs could be easily identified byithdifferent size and shape under

light microscopy. Data were analyzed by the Mannitidy Test.

Zymography to Detect MMPs Activities

The gelatin substrate zymography method was utiileze reported previously
541 Briefly, cells were trypsinized, washed with PBBce and treated under three
conditions, with fucosidase, with fucosidase plusoRyfuconojirimycin (DFJ) or
with PBS as a sham control. Identical numberset§ ¢5.0 x 16) were cultured in L-
15 complete medium (containing 10% FBS). Afteowlhg 24 hr for attachment, the
old medium was replaced with serum-free L-15 mediaells were then incubated
for another 48 hrs. Conditioned media from ce#sted with or without fucosidase
were collected and concentrated with a YM-10 Micfentrifugal Filter following
the protocol provided by the manufacturer. Thetgo concentration in the
conditioned media was determined by conventionafB@thods. Fifty microgram
samples were loaded onto a Tris-glycine-SDS poWanride gel incorporated with

0.1% gelatin and subjected to electrophoresis unde+reducing conditions. The gel

was then rinsed in 2.5% Triton X-100, followed bycubation in Bio-Ral
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Zymogram Development Buffer (50mM Tris-HCI [pH 7.53300mM NaCl, 5mM
CaCb, 0.02% Brij-35) overnight at 3Z. The gel was stained with 0.5% Commassie
Blue (in 40% methanol, 10% acetic acid), and thestained in 40% methanol and
10% acetic acid until white bands appeared agairesblue background, indicating

the site(s) of gelatinolytic activity.

Lectin Histochemistry and Morphometry

MDA-MB-231 cells were treated as previously desedibn the presence or
absence of fucosidase and compared to the sameenwhPBS sham-treated cells
cultured on cover-slips for the indicated time p®inAt the end of the each time point,
cells were washed with PBS, and blocked with 5% B@®APBS), followed by
incubation with biotin labeled Ulex, in 5% BSA (iPBS) for 2 hrs, detected by
streptavidin-alkaline phosphorylase for 1 hr, ahd tolor developed by Western
Blue® stabilized substrate for alkaline phosphatdlewing the protocol of the
manufacturer (Promega Corp., Madison, WI). Thegesawere captured with a
BX51 conventional bright-field Olymp@sMicroscope (Melville, NY) and the fucose
expression intensity was determined by utilizingOBIUANT® image analysis

software (BIOQUANT Corp., Nashville, TN). Each expnental group was
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composed of 3 cell surfaced cover-slips and foheawer-slip, three random fields
were examined and the images captured digitally. afbitrary cut-off value for the
intensity of staining was set and a positive rafiducose expression was calculated

comparing the “positivity” (above threshold) to si&ining.

Flow cytometry

Cells were treated with fucosidase as describedaldbqual number of cells
was treated with PBS as control. Both groups dsagére incubated with antibody
against Lex (CD15), Ulex Europaeus | lectin labeleith FITC and anti-CD44
antibody labeled with phycoerythrin. In paralletgative (unlabeled) control samples
were sham treated (auto-fluorescence control) tr am appropriate isotope control.
The detection of sLex by flow cytometry was repdrbefore!®®. Briefly, detached
cells were washed, re-suspended in PBS contaifin@®3A, and then incubated with
KM93 monoclonal antibody against sLex (1:50 dilajidor 30 min, at L~. After two
washes, cells were incubated for 45 min, &t,4with a 1:200 dilution of FITC-
conjugated goat antibodies against mouse IgM. Gedie again washed with PBS
and fixed in 1% paraformaldehyde prior to flow ayietry analysis. Flow Cytometry

was performed on a B-D FACS Caliber instrument gisiwo-color analysis to
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produce a 2-D histogram, as well as 1-D histografreach florescence channel. The

result were calculated and presented as Fluoresdatensity (Mean = SEM).

Immunofluorescence Analysis

The immunofluorescence expression of Lewis antigeliewed the protocol
as described before with some modificatidfs ®”. After standard fucosidase
treatment, MDA-MB-231 cells were grown on tissudtune-treatedjlass cover-slips
for 24 hrs; cells were fixed in 1% paraformaldeMARRS for 20 minutesnd blocked
in 2% normal bovine albumin and 0.1% Twe2h in PBS, for 1 hr, at room
temperature. Cells were incubated overnight, ‘at, 4with biotin-conjugated lectin
Ulex (EY Labs) to bind fucose, diluted monoclonaltibodies against sLexgv
integrin or 1 integrin subunits. After three washes in PBS osdaryantibodies
including Alexa 647 goat anti-mouse IgG, Alexa @&fiti-mouse IgM or streptavidin
conjugated with Alexa Fluor 488 (Molecular Probegre diluted ina blocking
solution and incubated with the cellsr 1 hour, at room temperature in the dark.
Cells were washed tdimes in PBS and mountednd images were taken by using

Olympu$’ microscope with fluorescence lenses at proper leagéhs.
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Flow Chamber Assay

An in vitro biophysical model in vitro to study tlaelhesion of MDA-MB-231
cells to human umbilical vein endothelial cells YEC) under flow conditions was
outlined as modified from the report by Gomes ef®8l After cell growth reached
80% confluence, MDA-MB-231 cells were trypsinizetdacounted. For experiments
using unlabeled cells, cells were evenly assonéal three groups, two groups were
treated witha-L-fucosidase, at 3T, for 30 and 60 minutes respectively, while the
third group, control cells, were incubated withyoRIBS for 60 minutes. Cells were
then diluted in HBSS (Hanks' balanced salt solyttora final concentration of 1.0 x
10°/ml and transferred to 15ml syringe. A GlycoTeclo¢Rville,MD) flow chamber
insert and gasket were inserted into the dish mdtwith HUVEC cells reaching
90% confluence, which formed a laminar flow chambeat can be viewed on a
microscopeCells were injected into the flow chamber in Haridedanced satolution
at controlled physiological shear rates using agmmmablesyringe pump (KD
Scientific, New Hope, PA). Cells were viewy an Axiovert 100 microscope (Zeiss

Inc., Thornwood, NY) equippedith a CCD camera (Model 300T-RC, Dage-MTI,
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Michigan City, IN). For the fluorescence-labeledpesments, fucosidase treated
MDA-MB-231 cells were labeled with CellTralé Calcein Red Orange (Molecular
Probes), while tumor cells in the control group evéabeled with Calcein green
(Molecular Probes) dye. After incubation with tHaofescence dyes and washing
thoroughly, 5ml of each group of cells were mixeellvand the mixture of cells with
different colors of fluorescence were applied te ftow chambers, followed the
procedures described before except under fluorescamncroscopy. The image were
recorded on sVHS videotape, the number of rolliefjsclabeled with red color
(fucosidase treated) and green color (controlekdcsed time intervals were counted,

respectively.

Purified Substrate Coatings
To study the adhesion of cancer cells on indivicagiiesion molecules under
flow conditions, diluted E-selectin, P-selectin d@d\M-1 were pre-coated following
published procedures as described befSte Briefly, tissue culture dishes (35 mm)
were marked with a diamond pen to make a smallecircthe center. Then gbof
20ug/ml protein A (Sigma) in PBS was placed in the kedrarea and spread with a

pipette tip, incubated at 37 for 1 hr, and then washed three times with PBS.
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Nonspecific binding was blocked with 2% human semlbumin (HSA, Sigma) in

PBS, for 2 hrs, at’@ followed by 3 washes with PBS. The marked area® wreen

coated with 50! purified substrate (2%/ml recombinant human ICAM-1/Fc chimera,

5ug/ml recombinant human E-selectin/Fc chimera adgdiml recombinant human

P-selectin/Fc chimera). All purified coatings wembtained from R&D Systems

(Minneapolis, MN).

Image Analysis of Flow Chamber Assay Results

For direct manual counting, video was recorded ostHS videotapes

(SONY Premium grade), and the number of cells wmlag rolling during a

specified time interval were counted by two indefert observers. For computer-

aiding image analysis, selected sequences of 3tesinin length were digitized to TIF

files using the Perception video editing packager¢eption PVR-2500, Digital

Processing Systems, Markham, Ontario, Canada).tibedi videoimages were

examined frame-by-frame to determine the numbecetls rolling on endothelium

and number of leukocyte arrests (compkteps). To calculate the flow speed of

individual cells, the flow course of each specdall in one frame was recorded in a
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log file by MetaMorplf software (Universal Imaging Corporation, Downingtow
PA). Briefly, when a new object appeared in thegm&ame (coming into the field
of view, either rolling or flowing) they were idef¢d as cells, assigned a number,
and tracked. A log file was generated and subsdlyupnocessed by programs
written by Dr. Dennis Kucik, Department of Pathgldg UAB. Processing includes
application of exclusion criteria based on area agdcity to discard cell doublets,
objects too small to be cells, etc. The remainiglftcacks were processed to produce
instantaneous velocity plots and average cell viglobistograms. Results were
expressed as means + SEM and analyzed by a Swtidetest using the Excel

software.

Statistical Analysis
The data were analyzed utilizing EXt¢Microsoft, Seattle, WA) and SP3S
(Chicago, IL) software. The statistical analysision-Gaussian distributed data was
carried out using standard non-parametric testdc@iton Signed Rank Test and U-
Mann Whitney Test). A paired 2 samples t test alas utilized where appropriate.

A “pvalug’ less than 0.05 was considered to be statistisalyificant.
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CHAPTER 3

MODIFICATION OF CELL SURFACE FUCOSE AFFECTS HUMAN
BREAST CANCER CELL FUNCTIONS ASSOCIATED WITH
NEOPLASTIC PROGRESSION

Introduction : Fucose in Cancer

Fucose is a deoxyhexose usually present in thertaliinkage of various
N- and O-linked glycoproteins. Fucose canob#,2, a-1,3, a-1,4, ora-1,6 linked.
Glycans containing fucose play important roles ipnold transfusion reactions,
selectin-mediated leukocyte-endothelial adhesi@amsl host-microbe interactions.
Increased cell surface fucosylation has been fdondarious types of malignant
neoplasms including thyroid carcinond&”, prostatic carcinoma™, urinary
malignanciesi’? and colon carcinomas’. Elevated fucosylation has also been
found in both primary lung tumors and their cor@sging lymph node metastases
[ Changes in fucosylation patterns, it has beemyestgd, could be used for the
diagnoses and monitoring of the successes of exogeherapie¥®. This is due in
part to the fact that elevated fucose levels hasenbidentified in the serum of

[78]

patients with cervical’, colorectal™, nasopharyngedl”, lung"®, prostate”
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and pancreatic carcinom&¥!. Urinary “free fucose” has also been significantly
increased in patients with gallbladder, bile-dliger and pancreatic cancél, acute
nonlymphocytic leukemia and myelodysplastic syncesfi?.

Fucose expression is closely associated with dédrentiation and aggressive
behavior in transformed cells. Levels of fucosylathave been shown to be low in
normal ovary and benign tumors, while being eleyatéth advancement of tumor
grade in malignant lesiof®’. Increases in the complexity of the fucosylatiarttern
has also been observed with dedifferentiation amcteased tumorigenicity in
colorectal carcinoma and adenoma cell [ii8sFucosylation of certain glycoproteins
has signaled enhanced invasiveness of urotheliabrticells® and the metastatic
phenotype of transitional cell carcinoma of theddller®®!, which in turn, was found
to be associated with the prognosis of these patféh Fucosylation of haptoglobin
was seen to be increased in pancreatic cancerrdraheed with its advanced stage,
while diminished after surgical operatiofi§ . Colorectal cancer cells dissociated
from metastasizing tumors have also been shownate fa significantly higher
fucosylation level than cells from non-metastagjziumors®®. In addition, the
expression of fucose in brain metastasis from lgagcinoma was shown to be
significantly higher than that of the correspondprimary tumor®®. The functional

significance of elevated fucose expression in malngies may be partly explained by
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the functional roles fucose-containing glycans pragumor progression. Fucose itself,
as a monosaccharide, has been found to be aliitmt the adhesion of human
myeloid leukemia cells to bone marrow stromal célisL-fucose has also been seen
to reduce collagen and non-collagen protein praodoctin cultured cerebral
microvessel endothelial cells. Increasing L-fucos¢he serum of rats similarly was
found to result in decreased collagen productidh More importantly, fucose is
known to be one of the tetrasaccharides constifusicea and sLex, which are the
ligands for the key selectins that mediate intéoast of tumor cells with the
endothelium.

The fucosyltransferases, a family of glycosyltrans$es that specifically
transfer GDP-fucose to the glycosylation chainsehlaeen found to be elevated in a
number of tumor type€®. Biosynthesis of sLex and sLea are mainly controbigd
a-1,3/1,4- fucosyltransferases.  Mirroring  fucose, selit, plasma o-1,3-
fucosyltransferase levels have been found to bevatdd in patients with
hepatocellular carcinom&”, ovarian cancel’®, esophageal, lung, pancreatic and
biliary cancer®®. Along similar lines, the activity o6i-1,3- fucosyltransferase is
known to be generally low in the normal gastric osa; whereas the activity has
been found to be elevated in gastric cancer tisaithsenhanced expression of sLex

97 Fucosyltransferase products from peritoneal éisszontribute to the adhesion of
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human gastric and colon cancer cells to the peiton®®. Interestingly, prolonged
culture at high cell density are also known to gpiate the expression of
fucosyltransferase and sialylated Lewis antigerisuiman pancreatic cancer céif3,
Additionally, the highest levels ad-1,3- fucosyltransferases have been found in
metastatic liver lesions, in contrast to that foundhormal tissues and in primary
hepatic carcinom&®!. The activities of terminal fucosyltransferase haiso been
seen to be elevated in breast cancer £8ffs In patients with carcinoma of the ovary
or breast and who have subsequently received cihenaqty, levels ofa-1,3-
fucosyltransferase have increased with diseasergssign and decreased when
responsive to successful theraff§ .

Glycosidases specifically remove certain glycaocitres from glycosylation
sites, without disturbing intracellular glycosytati synthesis. Fucosidases hydrolyze
specific glycosidic bonds between fucose and glyledsd chains. Upregulation of
glycosidase may represent a host response to abigretevated expression of certain
glycosylation events in malignancies. The actifya-L-fucosidase has previously
been reported to be significantly higher in pasienith hepatocellular carcinontd®!
and could be used as a tumor marker for the diagfimsthis type of cancét®. In a
prospective follow-up study of cirrhotic patienis,was revealed that serumL-

fucosidase activity was useful in the early detecof hepatocellular carcinomend
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monitoring of cervical carcinomd®. Elevated activities ofi-L-fucosidase and other
glycosidases have been found in gastric and thywoitrs™*.. In contrast, decreased
activity of a-L-fucosidase may reflect a decompensation stataany other types of
malignancies. For example, the activity eflL-fucosidase has been seen to be
significantly lower in patients with advanced makgt epithelial ovarian tumof&®
and colorectal canc&€f” as compared to normal controls, while the recaeente of
colon cancer was found to be higher wheih-fucosidase activity significantly
decreased in tumor tissué¥..

As fucose-containing macro-molecules are closelyetated with neoplastic
progression, a rationale has been established udy sthe potential effects of
modification of fucose expression on tumor cellfie hypothesis proposed by us that
by decreasing the fucose expression on cell swgfabés would exert considerable
effect on various phenotypic markers, and in taietermine biological behaviors of
breast cancer cells. By removal of fucose frongasaccharide sites on the highly
invasive and metastatic human breast cancer c&ll MDA-MB-231, serving as a
surrogate for all breast cancers, with.-fucosidase, we provide evidence for the

validity of this strategy.
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Results

Alpha-L-Fucose is Widely Expressed on Breast CanGalls and is Decreased with
Alpha-L-fucosidase Treatment

Lectins are naturally occurring, carbohydrate-biigdmolecules that can be

derived from various diverse biological sources amdd to investigate the presence

of carbohydrate structures in or on cells, in mtieh same way as antibodies can be

used to probe cells and tissues for the presen@pexdific antigens. Most current

glycobiology technologies depend on lectin-bindiogpecifically detect the presence

of certain monosaccharides or glycans. In thi®nmeggucose-recognizing lectins are

used to measure the level of fucose expression.

Previous work in our lab has demonstrated thatragé¥V®iman breast cancer

cell lines displayed fucose on their cell surfac&s.further prove the effectiveness of

defucosylation byx-L-fucosidase, we measured the change of surfapeegsion of

fucose by flow cytometry on MDA-MB-231, MCF-7 & T®7cells, after exposing

them to fucosidase treatment as described befdChapter 2.

As is seen irFigures 2-3 using the FITC labeled fucose specific lectinxUle

or FITC labeled Lotus lectin, fucosidase effecyvekduced fucose expression

without significantly damaging cell viability. Theame results were seen with human

T47D cells (Figure 4) and MCF-7 breast cancer cellsgure 5).
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Figure 2-5. a-L-fucosidase treatment decreased the expression dficose on
human beast cancer celts MDA-MB-231(Figure 2&3), T47D and MCF-7igure
4&5). Human breast cancer cells were cultured to P@-80nfluence, trypsinized
and washed with PBS twice. Cells were mixed with@U fucosidase/ftcells and
incubated, at 37°C for 30 minutes. Immediatelgrafire treatment period, cells were
washed with PBS and centrifuged to remove fucosid&ells were then treated with
the fucose specific lectins, FITC labeled Ulex E#as 1 Figure 2,4,5 or Lotus
TetragonolabusHigure 3). In parallel, negative (unlabeled) control saespivere
sham treated (autofluorescence control). Flow @gtioy was performed and the
mean fluorescence intensity + SEM was calculatethf® independent experiments,
respectively. Each pair of experimental groups waralyze by a paired 2 sample t
test and found to be significant (p<0.05). A Wilooxmatched pairs signed rank test
also revealed a significant difference (p<0.01) MibA-MB-231 cells & p<0.05 for
all othersm Untreated controlp Fucosidase

By flow cytometry we further demonstrated that fsecexpressed on tumor
cells could be significantly decreased immediatdly fucosidase, and this

defucosylation effect was reversilgleigure 6).
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Figure 6. Flow cytometry of fucose expression on MDA-MB-23tells over time.
Cells were treated with-L-fucosidase as described in the text and celleWedt to
recover for the indicated time periods. FITC ladelglex flow cytometry was
performed at the indicated time points. The baplyshows the mean £+ SEM for the
fluorescence intensity in three independent expamism Each pair (control versus
fucosidase treated) were analyzed by paired 2 sairipkts (p>0.05), as well as a
Wilcoxon matched-pairs signed rank test (p >0.06nly at time “Oh” was there a
statistically significant difference indicating tlsbort-lived effect of the treatment.
untreated contrah fucosidase

Lastly, by using peroxidase-labeled Ulex lectinttohg as well as biotin-

labeled Ulex histochemistry, we further demonsttdtat fucose expression on breast

cancer cell surfaces recovered by 12 hrs aftersidese treatment as shown in

Figure 7. The result of quantitative analysis of the datshown inFigure 8.

All reactive cells Regetcells “Positive” stag
within representative aftempiag intensity aleov
field threshold

Figure 7. Lectin histochemistry and the morphometry of fucos expression.
MDA-MB-231 cells treated with fucosidase as presgigudescribed together with
PBS Sham-treated cells were cultured on cover-ftipshe indicated times. At the
end of the each experiment, the cells on the celgs-were blocked with 5% BSA in
PBS followed by incubation with biotin labeled Ul&ug/ml) in 5% BSA/PBS for 2
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hrs, detected by streptavidin-alkaline phosphogyldsr 1 hour, and the color
developed in the presence of Western Blue The image was captured by
conventional bright-field microscopy and the rataf fucose expression to
nonexpression was determined morphometrically bgq@anf software. Each
experimental group was examined in triplicate, &srdany one group, three random
areas were measured. The left panel demonstrditeépoaitive’ cells prior to
morphometric painting. The middle panel is the samage after painting and the
left panel is representative of the arbitrary cfiitvalue selected as truly “positive” for
the intensity of the staining expression.
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C12h F12h C48h F48h

Figure 8. Box-plot of the fucose expression as detected ctin histochemistry.
Positive ratio of fucose expression at 12 hrs (CEA2h) and 48 hrs (C48h, F48h)
for each time point (n=9), was calculated as dbedrinFigure 7. A Mann-Whitney
test was performed to compare the difference betweatrol and fucosidase treated
groups (p>0.05). In the box plot, y axis represeati® of positivity, the box stretches
from the lower hinge (defined as the"™percentile) to the upper hinge (the™75
percentile); Median, Minimum and Maximum are alsspthyed. The differences are
not significant (p>0.05) at either point.
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Alpha-L-fucosidase Treatment significantly Decreakthe Invasion of MDA-MB-
231 Cells through HuBiogél

To investigate the potential effect of defucosylation breast cancer cell
invasion, we performed in vitro invasion assaysigistostat Transwell plate inserts
coated with the complex natural human extracellmatrix, HuBioge?. Under the
same experimental conditions for decreasing celésa fucose, we found that MDA-
MB-231 cell invasion through HuBiodeWwas significantly decreased. Furthermore,
this inhibition could be reversed by Deoxyfuconiajiycin, a fucosidase specific

inhibitor %% (Figure 9).

1400

12004

1000+

800 é

6004

400+

= —

Number of invading cells

Control Fucosidase Fucosidase + DF]J



42

Figure 9. Fucosidase treatment significantly decresed the invasion of MDA-MB-
231 cells through HuBiogel. Deoxyfuconojirimycin, a specific inhibitor of
fucosidasé'®®, abolished the inhibitory effect of fucosidasetamor cell invasion.
Invasion chambers were separated by inert filtavater with HuBiogél (0.64
mg/ml). Cells were treated with fucosidase as mlesd above. In parallel, the same
number of cells was treated with fucosidase plusM Deoxyfuconojirimycin
hydrochloride (DFJ) simultaneously, at'@7 for 30 min. A third group of cells were
sham-treated with PBS. 5 x “1@ells from each group were plated in 400 ml of
medium containing 1% FBS in the upper chamber. ifikerts were then placed in
24-well plates containing complete culture medid®% FBS). At the end of 48 hrs,
filters were removed and stained with crystal viol€he number of invading cells on
the whole filter was counted at 200 X with the afch grid eyepiece. Data represent
the mean of three independent filters. Differenicegmvasion between the groups
were analyzed by the Mann-Whitney test. * indicgie8.05 (fucosidases. control);

# indicates p <0.05 (fucosidage. fucosidase + DFJ).

We also found that the N, O-glycosylation inhib&orTunicamycin and
Swainsonine, as well as the O-glycosylation inbihiBenzyl-GalNAc, significantly
inhibited the invasion of MDA-MB-231 cells througHuBiogel® (Figure 10).
Interestingly, the fucose specific lectin, Ulexcalsaused a statistically significant

inhibitory effect on the invasion of breast cancelfs in vitro(Figure 10).
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Figure 10. N, O-glycosylation inhibitors and the feose-binding lectin Ulex
significantly decreased the invasion of MDA-MB-231cells through HuBiogef’.
The number of invading tumor cells on the whol&efilwas counted (as described in
Figure 9). Data represent the mean of three independiaitsfi each group treated
was compared to control cells treated with PBS aloy a Mann-Whitney test. The
upper chamber contained Tunicamycin (@0nl), Swainsonine (0\&/ml), Benzyl-
N-acetyl-a-D-galactosamine (i.e., Benzyl-GalNA&GuD/ml) or Ulex lectin (g/ml).

In each case, the difference in invasion was sicamt (p<0.05).
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The Proliferation of MDA-MB-231 cells was Unaffectieby Fucosidase Treatment

To explore the possibility that the observed desgeia tumor cell invasion
was actually a function of the direct inhibition thle cell growth by fucosidase, we
studied the effect of fucosidase treatment on pseiliferation using two different
assays. Our data demonstrated that, fucosidasetedf neither the viability nor the
proliferation of MDA-MB-231 cells as shown by an MTassay(Figure 11) or by

automated cell countin@rigure 12).
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Figure 11-12. Fucosidase treatment did not affethe proliferation of MDA-MB-
231 cells as revealed in an MTT assay (Figure 11)on by Automatic Cell
Counting (Figure 12). Cells were trypsinized, resuspended in PBS, azatdd with
or without fucosidase. 2 x i@ells per well were then plated in 96-well cultptates.
At the end of each reported time point, MTT solatwas added to the cells according
to the manufacturer’s instructions. Each assay pexformed in triplicate and the
optic density was calibrated following the procedusis recommended by the
manufacturer. Each time point represents the méa® samples for both groups.
Data represent the absorbance spectra at 570 (Figure 11) Similar cell
proliferation assays were carried out by an Autaené&tell Counter as described
before Figure 12). A Wilcoxon signed rank test and paired two santgksts were
performed to evaluate the difference between fuless treated & control groups at
all 6 time points. There was no statistically #igant differences between any group
(p>0.05).
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Fucosidase Treatment Specifically Decreased MDA-NB1 Breast Cancer Cell
Invasion may through Modulation of the Activity dfiIMP-9

Matrix Metalloproteinases (MMPs) are zinc-dependamiopeptidases which

degrade most ECM components. MMP-2 and MMP-9, lafswn as gelatinases, are

critical for the tumor invasion of mammary carcirethrough basement membranes,

through the degradation of collagen type IV, whikhe major collagen type of these

structures. Tumor cells secrete matrix metallopnaes (MMP) to degrade ECM

components to facilitate their invasion and enharggogenesis.

Gelatin substrate zymography is an established odetih indirectly measure

the activity of active MMP-2 and MMP-9, which arbet known major MMPs

secreted by human breast cancer cells respongblthé degradation of basement

membrane (mainly type IV collagen). To investigdhe effect of fucosidase

treatment on the gelatinolytic ability of MDA-MB-23tumor cells, we studied the

MMP activities in conditioned medium by zymograplisom untreated cells,

fucosidase treated cells, and fucosidase treatells da the presence of

deoxyfuconojirimycin. The gelatin zymography releeba significant decrease in the

gelatinolytic  activity of MMP-9 after treatment Wit fucosidase.

Deoxyfuconojirimycin could be seen to reverse thitect (Figure 13) MMP-2

showed no significant changes under these sameiegueal conditions.
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MMP-9 (92KD) -

MMP-2 (72KD)

Figure 13. Gelatin zymography of conditioned medium from bhibosidase treated
and untreated MDA-MB-231 celld.anel,cells without fucosidase treatmebgne 2,
cells treated with fucosidase (8.8 mUitklls); Lane 3 cells co-treated with
fucosidase (8.8 muU/£&ells) and DFJ (LnM);ane 4, HT 1080 fibrosarcoma cells as
MMP positive control. pg of purified human MMP-2 and MMP-9 served as the
gelatinase zymograph standards (not shown). Aifgignt reduction in MMP-9
gelatinolytic activity is seen and verified by diosietry but not in that of MMP2 in
the presence of fucosidase.

Discussion
Alterations in the amount, composition and linkagenfigurations of
glycosylation associated molecules are known toretate with malignant
transformation, tumor progression and poor prognosif cancer patients.
Glycosylation is known to play a direct functiomale in cancer cell motility and
invasivenes§'%. Carcel-Trullols et al. found that a bone colomigivariant of MDA-

MB-231 cells displayed an altered glycosylationtguat (as compared to the parental
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cells), differential binding to bone marrow endditlecells, enhanced ECM binding
and increased invasive potential, all of which ledsbone metastasis and bone
colonization capacitie$”.

Fucose, best known as a key component of bloodpgaotigens, is involved
in many critical physiological functions, includirlgukocyte-endothelial adhesion,
host-microbe interactions, fertilization, ontogeseand differentiation. Our study
revealed high levels of fucose expressed on thiaiof human breast cancer cells
(Figure 2-5). Increased expression of fucose on tumor cgli®ot only a phenotypic
marker of malignant transformation, but also fémiks tumor progression, directly
and/or indirectly. Serum fucose levels have beendao be significantly increased in
patients with breast cancer and associated wittaplyeresponses, tumor recurrence
and metastasés,

Knowing elevated fucosylation are prevalent in @sgcit's not surprising to
find that fucosidase level rises in parallel, whiohy representing a host-reaction to a
high “fucose-burden”. Thus, the rationale exib@t ty reducing the “fucose-burden”
by exogenous fucosidase one may interfere with tfmuctions associated with such
abnormal high level of fucose. Various approachagehbeen proposed to down-
regulate the expression of fucose on tumor cellsg., emodulation of

fucosyltransferasé'*?, altering expression of upstream regulat§f¥ and up-
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regulating competitive glycoforn$™. The biochemical approach that we use relies
on a-L-fucosidase (E.C. 3.2.1.51), a glycosidase wHigirolyzes the glycosidic
linked fucose in several different linkages withitycosylation chaind'*. The
effectiveness of our defucosylation protocol hasrbeonfirmed by flow cytometry
experimentsKigure 2-5). Enzymatic removal of the fucose that we useithis study
has several advantages, including speedy and cmmemachievement of the
defucosylation effect and the preventing of intenfg intrinsic cellular glycosylation
branches. It also suggests a potentially practiiaical route of administration via
intravenous and intraluminal applications.

In separate experiments, we tested a range (fraremith to an eight fold
concentration of our current protocol). As expdctéhere was a concentration
dependent effect although it was not linear. Whaighing effectiveness against
viability, we found 8.8 mU/1Dcells for 30 minutes is the most ideal concertrati
The relative specificity of the fucosidase effextsild be illustrated by DFJ, a potent
fucosidase inhibitor, as an enzyme antagdHidt The proliferation of human breast
cancer cells after fucosidase treatment was ewduat two methods. Both revealed
unchanged cell proliferation during treatm@rigure 11-12) This is consistent with
previous findings that mammalian cell lines lackoell surface fucosylated glycans

are still viable without an apparent defect in ciision™> **®! and same results are
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true for the leukocytes in LAD Il patients. This ynhe partly explained by the
knowledge that cell surface fucosylated glycansnigaparticipate in cell-cell and
cell-matrix interactions rather than transcriptibneegulation and that our
defucosylation treatment was reversible and shwedl In addition, we also
performed soft agar clonogenic assays and fourstatstically significant difference
in anchorage independent growth in breast candkrioethe presence or absence of
fucosidase (data not shown).

Breast cancer ranks second in mortality among maiigies in American
women and the prognosis is largely predicated byotuinvasion and distant
metastasis. The extent of invasion at initial diagjs has been shown to be one of the
most valuable prognostic factors for patients whesent with invasive diseaSe”,
and poor prognosis is closely correlated with adedn stage biomarkers of
progression; i.e. neo-angiogenesis, invasion an@stesis™'®. Tumor metastasis of
breast carcinoma is the final step in a complexnaftistage events which involves
the crucial step of tumor invasion of neoplastitscéarough the basement membrane,
a barrier between the epithelium and stroma andvdest the stroma and the
vasculature. Matrix metalloproteinases (MMPs) céeaelected ECM components
and facilitates tumor invasion. Among the MMPs, Mi2Pand MMP-9 attract

significant attention because of their establistads in degrading type IV collagen,
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which is the major collagenous component of basénmmambranes. The direct role
that MMP-9 plays in the invasive ability of MDA-MB31 cells to cross basement
membranes has been well-proved, and decreased MBIRIZVIMP-9 activity has
been closely correlated with stunted tumor invasisough HuBiogél *4 |
Modification of tumor glycosylation is known to kable to modulate the
interaction of cells with the extracellular matriwhich may in turn, regulates the
expression and activities of MMPs. For exampléeely knockdown of GnT-V
expression in the MDA-MB-231 cells didn't affectiégrmal growth factor receptor
(EGFR) expression, but lowered the expression dinkéd B-1,6-branching on
EGFR, suppressed EGF-mediated downstream FAK an& ERnaling and
decreased cell invasivend$s). In contrast to our observation that fucose appear
be a positive regulator of MMP in breast cancemaid et al. found that fucose and
fucose-rich polysaccharides downregulated MMP-2 BHidP-9 activities in non-
transformed human dermal fibroblasts in vitro amd vivo %, Fucans, a
polysaccharide mainly constituted of sulfated Lefse, were found to inhibit MDA-
MB-231 cell invasion through Matrigel. This wasrtha mediated through a direct
interaction of the fucans with laminin resultingan inhibition of cell adhesion and

invasion ™!, Observed changes may originate from altered glyletion patterns,

different cell types or physiologic state along tieoplastic progression pathway.
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Current findings show that defucosylation signifite inhibited the invasion of
MDA-MB-231 cells Figure 9). This is presumably at least partially mediatgd b
fucosidase induced reduced gelatinolytic activityMMP-9. Other alterations of
cellular functions caused by defucosylation mayo atentribute in this process.
Further studies will be needed to investigate wéretlisturbing the normal
interactions of tumor cells with ECM matrices byfumsylation alters regulation by
damaging the known MMPs autocrine/paracrine loopotiter as yet unknown
mechanisms directly leading to the decreased &ctofi MMP-9 or other matrix-
degrading proteinases.

Findings in this report also illustrated that getheleglycosylation by both N-
glycosylation inhibitors (Tunicamycin, Swainsoninahd O-glycosylation inhibitors
(Benzyl-N-acetylei-D-galactosamine) significantly decreases the iwvesess of
MDA-MB-231 human breast cancer cells through botmpte and complex
extracellular matrices in vitroF{gure 10), arguing for the importance of intact
glycosylation for functional neoplastic progressidanicamycin, an N-glycosylation
inhibitor, has also previously been found to irthibe proliferation of MCF-7 breast
cancer celld"?? and induce apoptosis in MDA-MB-231 celté®. Tunicamycin was
also found to inhibit malignant melanoma and manyntarcinoma cells adhesion to

laminin, cellular invasiveness through Matrigel amaimotypic aggregation of cells
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(124 Decreased glycosylation on CD147 by tunicamycitiown-regulated

Matrixmetallproteinase-11 expression and decreadexl adhesion of cells to
endothelial cell§*°.

Swainsonine, in a similar manner, by blocking Galginannosidase Il and
abrogating processing of N-glycans was found tabiblthe migration of malignant
melanoma cell$*?® and bladder carcinoma celf§”. Other effects of swainsonine
include blocking tumor pulmonary colonizatidtt® and enhancing lymphocyte
efficacy and tumor susceptibility to immune attdtk!. Swainsonine has also been
shown to increase the transcription of Tissue Imdilof Metalloproteinase (TIMP),
through which a decrease in tumor invasion mayelaéized**?. Benzyl-N-acetyl-
D-galactosamine, an inhibitor of O-glycosylatiorashbeen shown to significantly
decreased sialyl Lewis antigens expression, metalteinase activity in HM7 human
colon cancer cells while also inhibiting their isi@n through Matrigef*.

Different drug concentrations, cell types and otimerinsic factors may all
contribute to the observed discrepancy in the &ffed glycosylation inhibitors.
Various effects of deglycosylation on tumor behavioust also be taken into
consideration before accepting the definitive cosidns that deglycosylation

inhibited invasion of human breast cancer MDA-MBE2&lls. The finding that the

fucose-specific lectin, Ulex also caused a sigaificinhibitory effect on breast cell
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invasion may suggest a general disturbance in &iogesdiated interactions with ECM
is responsible for the observed changes. Ulex h&s lzeen found to induce the
activation of MMP-2 in endothelial celf§?, which further increased the complexity
of glycan-MMP microinteractions.

Our study adds to the growing body of knowledge clvhiasserts the
importance of fucose in the cancer phenotype of ynaoman malignancies.
Fundamental knowledge of the functions of fucoseahat molecular level will be
necessary to fully evaluate any hypothesized anricer effects using a
defucosylation approach. Further study of theradgons between tumor cells and
ECM (or endothelium) will additionally be indispetide as we explore the effects of

defucosylation on neoplastic progression.
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CHAPTER 4

DEFUCOSYLATION BY ALPHA-L-FUCOSIDASE AFFECTS HUMAN
BREAST CANCER CELL INTERACTION WITH EXTRACELLULAR
MATRICES AND ENDOTHEINAL CELLS

Introduction: Lewis Antigens and Adhesion Moleculs

Certain glycosylation patterns expressed by tunedls are involved in the
adhesion of tumor cells to extracellular matricesl do the endothelium. These
glycosylated molecules either directly constitutthesion ligandd™®® (Lewis X,
sialyl Lewis X and sialyl Lewis A) or indirectly fluence the function of adhesion
molecules including the integrins and CD#4*°!

CD44, a family of structurally and functionally \evle adhesion molecules
are comprised of more than 20 variants. They ppaie in diverse biological
processes, including angiogenesis, wound healinfamimation, and cancer

metastasis!*®": 138

Several malignancies-related glycan antigens hheen
previously found to be carried by CD44s. Glycosglatpatterns in diverse CD44
isoforms have been found to be critical for onc@ggsiand tumor progressigi’.
The expression of certain CD44 variants has sulesglyubeen shown to closely
correlate with both the progression and progndsiseast cancet*.

Integrins are a family of heterodimeric transmembraeceptors mediating
cell-cell and cell-extracellular matrix adhesiomtegrins affect various cell

functions including growth, adhesion, motility, Bsiveness and metastaSis’.

Specifically,a-galactosyl residues are known to contribute tddh@nin-binding



56

determinants of the integrinsubunit and are involved in cell adhesion to lamin
(142 Altered glycosylations of integrin subunits, inrt, have been reported to affect
integrin-mediated cell adhesion, spreading androthal cell functions. Similarly,
oligosaccharide processing of the fibronectin rémes important for its binding
function but not for receptor assembly or inserfitto the plasma membrafé®.

In addition to decorating adhesion molecules, alagzharides can also
constitute glycan carbohydrates directly. Lewidgenis are oligosaccharides closely
associated with ABH blood group antigens. Throudpe taction of a set of
glycosyltransferases, their biosynthesis mainly luide stepwise addition of
monosaccharide units to minimal disaccharides psecsi”’. Lex or Lea antigens are
formed by fucose being added,dnl, 3 ora-1, 4 linkages, to H Type-2 or H Type-1
structures, respectively. Addition of a second &gconto Lex or Lea will generate the
Ley or Leb antigens, respectivelfFigure 14). The sLex or sLea antigens are
synthesized by the addition of a sialic acid grdapana-2,3 linkage, to the Lex or
Lea ™. As noted above, type 1 antigens (Lea and Leb)rapertant histo-blood
groups. In contrast, type 2 (Lex and Ley) antigares only weakly expressed in a
limited number of tissues in healthy individualsit lincreased in malignancies and,
thus, considered “tumor-associated” antigens. Atteexpression of Lewis family
antigens occurs during malignant transformatiomadrigenesis and progressigfr’.
Lewis antigens have been widely used in the diagnasd as biomarkers for the

prognosis of patients with tumors.
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Figure 14. Representative Lewis antigens (Left) angbredicted defucosylated
Lewis antigens (Right).The compositions of three members of the Lewislfaare
illustrated in terms of their monosaccharide contpws and linkage positions.
Differences betweeslLex andsLealie in the linkage of the outermost GAlL£4 and
B1-3, respectively) and in the linkage of the fucos@ety to the internal GIcNAc
(e1-3 andal—4, respectivelyjLeft). Predicted structure of Lex, sLex and sLea after
fucosidase treatment are also outlinBayfit).

Functional roles of Lewis blood group antigens ma&nly illustrated in the
process of selectin-dependent leukocyte and turlbradhesion where they provide
essential contributions to the glycoproteins anagipids that function as ligands on

these cell$”. Specifically, higher expression of Ley/b has bassociated with both



58

high grade and poor prognosis of breast calt®rEnhanced expression of Lex has
also been found in human breast and colon carciadtf4 and has been used for
screening high-risk populations for urinary bladdarcinoma*?. Similarly, small-
cell lung carcinoma cells express high amount g€glipids carrying Ley**¥, and
the expression of Ley has been found to be coe@latith the development of
colorectal high-grade dysplasia and progressioratoinoma™®, and could be used
as a tumor marker for breast canéet. Ley-based immunotherapy has shown
promising results in the treatment of breast anibreotal cancers™?. H type 2
antigens in colon carcinoma cells are also knownawtribute to their resistance of
these cells to chemotherally?, increased tumorigenicity, and even the resistéamce
natural killer/lymphokine activated killer (NK/LAKEytotoxicity **%. Inhibition of
fucosylated expression on these tumor cells regulgsd increased susceptibility to
anticancer treatmeHt®.

The significance of glycosylation to tumor progiess(especially as related
to metastases) has been recognized for decadesvasation of tumor cells, a
pivotal step in metastasis, is initiated by intéitats of extravasating tumor cells with
endothelial cells through selectins and their fytaied ligands. Sialyl Lewis x (sLex),
a fucose-containing tetrasaccharide, has the nobiseacapacity of all of the family
of Lewis antigens, to drive neoplastic progressioajnly due to its well-known role
as the major ligand for E-selectin, which medidtesrolling of cells on endothelium
and is thus intimately associated with leukocytdsagasation and tumor metastases.

The sLex glycan is characteristically expressedggressive cancer types and
more advanced stages of disease associated wislsiamv and metastases. Sialyl
Lewis antigens are generally not expressed or nohreast tissue, but gradually

increase with tumor progression from carcinomaitin, $hrough invasive carcinomas
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to lymph node metastasé®’. Sialyl Lewis antigen-mediated adhesion of MT3 breas
cancer cells has been shown to be enhanced whse tedls reach confluence, in
comparison to growing cells. Interestingly, inceshsnetastatic foci are seen to be
present in lungs of mice in tight association witil density!*®>". This, it has been
argued, is linked to the theory that tumor cellsyrgain a selective advantage by
presenting pathologic selectin ligands that mediateractions with endogenous
selectind™®.

To explore this line of reasoning, high preopemserum levels of sLex have
been associated with liver metastasis and peritasisaemination in patients with
gastric canceF®®. These elevated serum levels are also associatedawlower
survival rate in non-small cell lung candé¥ . The expression of sLex in tumor
tissues is closely associated with histopatholgmcameters and the prognosis of
patients with squamous cell carcinoma of the esgyst&®™, renal cell carcinom&®?,
colorectal canceP?® %% breast cancef®¥ and adult T cell leukemi&®. The
accuracy for detecting metastases can reach 89%9%ehsuring sLex alone in breast
cancer patient8®®. After transfection with human fucosyltransferadecDNA, the
sLex-low-expresser variant cells have been shownexbibit increasingo-1,3-
fucosyltransferase activity, increasing cell suefasLex, enhanced adhesion to
endothelial cells and enhanced liver metastatierpi| .

Another member of the Lewis antigen family, sidlgwis a (sLea), has also
been shown to support the adhesion of tumor cellEtselectin expressed on
endothelium and to facilitate hematogenous dissatioin %% Likewise, the
expression of sLea has been shown to be closelelated with the metastasis
potential of colon cancer cell ind¥®, and also serve as a biomarker for poor

prognosis in patients with colon cané&f! and gastric cancét’”. The synthesis of
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sLex is under strict regulation of fucosyltransgsrand sialyltransferase, which are
themselves, known to be elevated in metastatic huroéon carcinom& 2. Lastly,
the activities of sLex and-1,3-fucosyltransferase VI (FT-VI) and FT-VII habeen
previously correlated with the potential of bladdmrcinoma to both invade and
metastasiz€" .

Tumor metastasis via the hematogenous route isnplea multistage process
starting from tumor invasion into the matrix, aciag of the circulation, and
subsequent arrest on a distant endothelium andvadation at metastatic sites. At the
center of this process are circulating tumor cellsich eventually adhere to the
vascular endothelium. The selectin-dependent evamtdve tumor cell tethering to
platelets, leukocytes, and vascular endotheliuhgfaihich occur under shear stress
conditions secondary to blood flow. The initial pgeof leukocyte and tumor cell
adhesion involve selectin receptor/ligand (mainke)g interactions, followed by
extravasatiort”). Work by others has shown that decreased sLexi#ilootes to a
lack of inflammatory breast carcinoma tumor cefiding to endothelial cells and lack
of electrostatic repulsions between tumor c&ffé

Selectins are a class of membrane-bound C-typensecexpressed on
vascular endothelium and circulating leukocytese@&ms are involved in leukocyte-
leukocyte interactions (L-selectin) and leukocytel@helial cell interactions (L-, E-,
and P-selectin). Their functions occur relativedpidly via on/off kinetics of binding
under vascular shear flow. All of the selectingtiig modest specificity and affinity
for sLex. Ligands for L-selectin (GlyCAM-1) conta@al-6-sulfated and/or GIcNAc-
6-sulfated sLex antigens, while the P-selectin gpyotein ligand (PSGL-1) also has
O-glycans containing sLex glycan. Selectin-depenhdmeil adhesion in vivo is

characterized by the “rolling” of leukocytes alotigg surface of an endothelial cell
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monolayef!. The pivotal role of fucosylation in the interamtiof leukocytes with
endothelium has been further illustrated by a rgemetic disease, Leukocyte
Adhesion Deficiency II Syndrome (LAD 1l). Neutrofh in LADII lacking
fucosylated ligands for E, P, L-selectins, consetjyefail to adhere to selectins and
have significant defects in selectin-dependent gutlisiological events. LADII
patients, thus, demonstrate a profound reductionigmation into inflamed cutaneous
sites in vitro. The defect in LADII lies in the deovo pathway of GDP-fucose
biosynthesié..

As introduced in the preceding chapters, breasterais the most common
malignant tumor and ranks second in the mortality rhalignancies in American
women. Its prognosis largely depends on the exd@ériimor invasion and distant
metastasi$'’>. Poor prognosis in breast cancer is closely catedlwith enhanced
invasion, metastasis and angiogen&sf4 Elevated fucosylation has been found in
mammary malignancies. The positive expression @xsin primary breast cancer
has been shown to be significantly associated lyithph node involvement and a

& 178 As fucose-containing molecules are

diminished disease-free survival rat
closely correlated with neoplastic progression, andeficiency of fucose severely
impairs the interaction of leukocytes with endoilrl in patients with LAD I, a

rationale has been proposed to explore the bicdb@gitfects of cell adhesion events
by modification of the fucose expression on tumelisc We have, in the preceding
chapter, hypothesized that decreasing the fucogwession would affect the
biological behavior of breast cancer cells and jled evidence for that theory. Here
we focus on extending this hypothesis to envela ittieractions between tumor

cells and extracellular matrix, as well as betwaanor cells and endothelial cells

mediated by fucosylated glycans.
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Results

Alpha-L-fucosidase Decreases MDA-MB-231 Cells’ Adien on Extracellular
Matrix Components

To investigate the possible effectwiL-fucosidase treatment on the adhesion
of MDA-MB-231 tumor cells to ECM, we performed stahdhesion assays by using
several extracellular matrix components includiyget | collagen, hyaluronic acid,
fibronectin, and laminin, which are all known tontwbute to breast cancer cell
attachment and spreading. In these studies, wedfolt defucosylation by-L-
fucosidase significantly decreased the adhesionthef breast cancer cells to
fibronectin, laminin, type | collagen and hyaluromicid at essentially all time-points.
The adhesion to HuBiogela reconstituted human ECM mixture, also decreafied
defucosylation Figure 15). In contrast, the adhesion of these cells on ramaive
matrix (polystyrene) did not show significant cheadrigure 16). These effects also

displayed a curve of recovery over time.
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Figure 15. Static adhesion assay ad-L-fucosidase treated MDA-MB-231 cells on
extracellular matrices. Defucosylation significantly decrease MDA-MB-23gells
adhesion to fibronectin and laminin at all threedipoints after treatment (1h, 3h and
9h). The adhesion to HuBiodehnd hyaluronic acid also shown significant deaeas
at 1h and 3h. 96-well culture plates were coateith WiuBiogef, hyaluronic acid,
laminin, and fibronectin as describ&d. Cells were harvested and treated with or
without fucosidase and then plated onto coatedswélklls were left to adhere for
indicated periods, washed with PBS and fixed wahaformaldehyde. Adherent cells
were subsequently stained by crystal violet anahtl *, representing P<0.05 by the
Mann-Whitney Test; **, representing P< 0.01 by tMann-Whitney Test as
compared to control.
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Figure 16. Static adhesion assay ad-L-fucosidase treated MDA-MB-231 cells on
polystyrene and type | collagenDefucosylation impaired cell adhesion on to type |
collagen, while the adhesion on the plastic surfaae unaffected. Tumor cells were
harvested and treated with or without fucosidasowed by plating onto 96-well
culture plates with or without pre-coated type llagen. Cells were left to adhere for
the indicated times and followed by washing with SPBCells were fixed with
paraformaldehyde and subsequently stained by ¢rystéet. Stained cells were
dissolved in Triton X100 and the optic density veadibrated by use of an ELISA
reader at 570 nm. Data were expressed as the m&attof 8 wells. *, P<0.05 in
Mann-Whitney Test; **, P< 0.01 in Mann-Whitney Test compared to controls.

We also compared the adhesion of MDA-MB-231 cefiptastic, hyaluronic

acid and HuBiogel, with or without fucosidase treatment, in the pres of antibody

against CD44 and sLex. Hyaluronic acid and HuBiBgekre coated on 96-well
plates and compared to untreated (Polystyrene)sw&hbbit anti human CD44
polyclonal antibody HCAM-1 and mouse anti-human xsb@onoclonal Km93
antibodies were found to block sLex-involved adbesiHuBioge? and hyaluronic
acid were also found to promote cell adhesion ith lwontrol and fucosidase treated

cells as compared to those cells growing on plastice. The adhesion of tumor cells



65

on HuBiogef significantly decreased after treatment with fidase, and the sLex

glycan structure appear to be involved in this aditeprocessHigure 17).
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Figure 17. Static adhesion assay of MDA-MB-23Icells on hyaluronic acid,
polystyrene and HuBioge? in the presence or absence of fucosidase and
antibodies against CD44 and sLexThe adhesion of tumor cells on HuBiogeind
hyaluronic acid, but not on polystyrene, was sigaiftly decreased by fucosidase
treatment, and the binding of mAb against sLex aiserfered with cell adhesion on
HuBiogel’. Culture plates were either uncoated or coatech wiuBiogef or
hyaluronic acid. Cells were treated with or withetit-fucosidase and left to adhere
for different times and the number of adhered cel&s stained and counted via
microscopy. Data were analyzed by Mann-Whitney ,Te$2<0.05 comparing treated
to untreated control, ** P< 0.01 comparing treateduntreated control# P< 0.05
when groups treated with different antibodies weoenpared. ## P< 0.01 when
groups treated with different antibodies were coraga
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Defucosylation Decreases the Co-localization of lese withg1 integrin on MDA-
MB-231 cells

In order to determine the effects afL-fucosidase on the glycosylation
pattern of integrins on MDA-MB-231 cells’ surfaceg used indirect co-localization
assays to study the co-localization of fucose witkegrin subunits. The co-
localization of green fluorescence conjugated seaonantibodies against integrin
and red fluorescence-labeled streptavidin captufingpose were determined as
illustrated inFigure 18 The methodology and results of immunofluoreseeca-
localization of integrin and fucose are showirigure 19. Decreased co-localization
of B1 integrin and fucose in the presence of fucosidasee revealed in our

experiments. Meanwhile, this change was not foungdarallel experiments withv

integrin subunits.

B1 integrin a-L-fucose Merged co-localization of
B1 integrin andr-L-fucose

Figure 18. Indirect immunofluorescence and co-locaation of integrins with
fucose. After standard fucosidase treatment, MDA-MB-231lscevere grown on
coverslips for 24 hrs; cells were then fixed ingiarmaldehyde/PB3nd blocked
with bovine albumin in PBS. Cells were then incelabvernight, at 4°C, with biotin-
conjugated Ulex, or mAb againat integrin orpl integrin subunits. Fluorescence
conjugated secondamntibodies and streptavidin were diluted respelstive the
blocking solution and incubated with the cétis 1 hr, at room temperature, in the
dark. Images were taken by using Olympus microseb@@propriate wavelengths.
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Figure 19. lllustration of the methods and the resli of immunofluorescence co-
localization of integrins with fucose. The immunofluorescence co-localization
images of eitheBl integrin with fucose onv integrin with fucose were captured
under microscopy. The length of the co-localizegnsents and the perimeter of the
contour are specified and measured by Image J (Ndfiyvare. The co-localization
ratio was expressed as the ratio of the lengthositipe co-localization to the sum of
perimeters of all recognizable cell contours. Thdaralization ratios from 10 fields
were calculated from each group. **, p<0.01 in MaNhitney Test.
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Alpha-L-fucosidase Treatment Down-regulates Cellr&ace Expression of CD44
and CD15 on MDA-MB-231 cells

The CD44 family of adhesion molecules mediates ipialtcellular functions
and the standard (H) form is best known as theungabn receptor. It has been
linked to tumor invasion and metastasis. Theseeoubés are transcriptionally
upregulated by several growth factors and selecigdkines. CD44s undergo
extensive post-translational modifications inclglglycosaminoglycans addition and
glycosylation resulting in tumor cells being de¢edaon their surfaces by fucose. We
thus, investigated the effect of-L-fucosidase on the expression of CD44 on the
surface of breast cancer cells. MDA-MB-231 cellsravtreated with fucosidase as
described. We found fucosidase significantly daseel the detection of cell surface
CD44 as evaluated by flow cytometry using phycdemgtlabeled monoclonal
antibody against the predominant form of CO&gure 20) This effect was lost by

24 hours, which is thought to be through cell stefeeconstitution.
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Figure 20. CD44 changes as detected by PE labeled monoclonaltinody in a
flow cytometry assay with and without fucosidase gatment. MDA-MB-231 cells
were treated withu-L-fucosidase as described in the Materials andhblit. Both
groups of cells were incubated with the monocld?atiabeled anti-CD44 antibody,
MHCD44. A Wilcoxon Signed Rank Test and Paired T®%ample tTest were
performed to analyze the difference in the meamréscence intensity between
control and fucosidase treated groups. At each piaiet the histogram represents the
mean +/- SEM for 5 independent experiments. A icamt difference (p<0.05) was
appreciated only for time “0”. Relatively rapid osstitution resulted in no difference
(p>0.05) for CD44 at all other times.untreated contrah fucosidase.

Lewis X (i.e., CD15) is a fucose containing glygaerticipating in cell-cell
and cell-matrix interactions. It was also foundbt® abundantly expressed on breast

cancer cellgs determined by flow cytomet(iigure 21).
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Figure 21. Effects of fucosidase treatment on CD1&xpression of human breast
cancer cells as shown by flow cytometryCD15 expression was evaluated by flow
cytometry at the time points indicated using me¢hasl described in the Materials and
Methods. The bar graphs demonstrate the mean +M 8E five independent
experiments for the fluorescence intensity in MDA&BM31 & T47D cells and seven
experiments for MCF-7, respectively. Each pair {oarvs. fucosidase treated) were
analyzed by a Paired Two Sample t-Test, as weall \A8lcoxon matched-pairs signed
rank test (* p <0.05), MDA-MB-231 and MCF-7 cellsosved a statistical significant
difference. However, for T47D the difference agmioed significance but did not
reach it. m untreated contrat fucosidase

Alpha-L-fucosidase Treatment Decreases the Sialgilis X Expression on MDA-
MB-231 Tumor Cells

Previously, we have shown thatl -fucosidase could effectively decrease the
expression ofu-L-fucose on MDA-MB-231 cells. As sLex is a fucoseataining
tetrasaccharide glycan, it would be rational td wsether defucosylation decreases
the level of sLex expression. Thus, an indirecivfltytometry method was applied to

study the effect of fucosidase on sLex expressi@nfounda-L-fucosidase treatment
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significantly decreased the expression of sLexubesylation treatment significantly
decreased the mean and median FL1-H FITC (reptiagesiex fluorescence
intensity), as well as the Events above Gate (sgmting the approximate number of
positive cells) as shown iRigure 23. The negative control with “cells only” and
“cells plus secondary antibodies” demonstrated iy Vew background (data not

shown).

14
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FL-1 FITC of all marke
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Median Mean

Figure 22.
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Figure 22-23. Flow cytometry analysis of sLex expression on MDA-¥-231
cells. Fucosidase treatment significantly decreased tpeeszion level of sLex. The
same number of fucosidase-treated and control welte washed and re-suspended in
PBS containing BSA, then incubated with KM93 mAaiagt sLex. After washes,
cells were incubated with of FITC-conjugated see@mpdantibody. Cells were again
washed with PBS and fixed in paraformaldehyde. Riytometry was performed as
described. Each group contains 3 samptegure 22 The Mean and Median of FL-1
FITC (sLex) by flow cytometry is shown (*, p<0.0% Ithe Mann-Whitney Test).
Figure 23 The distribution with regard to FL1-H FITC (Everstbove Gate) of three
individual samples from control and fucosidasetgearoups.

Alpha-L-fucosidase Treatment Decreases the RollmfgVIDA-MB-231 tumor cells
on Endothelium under Flow Conditions

Selectin-dependent cell adhesion in vivo is charastd by the “rolling” of
leukocytes or tumor cells along the surface of @éhdothelial cell monolayer. This
process is mediated by torque exerted on the cel&d &onsequence of a force
differential between the more rapidly flowing simeaear the center of the vessel
(and on the luminal surface of the rolling celldahe relatively slow flow near the

endothelial cell surface (and the adjacent abluhside of the rolling cell). These
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forces, together with the rapid on and off rateselkectin-selectin ligand adhesive
interactions occurring at the leukocyte (or tumemgothelial cell interface, causing
the cell to roll along the endothelial lining ofetlressel. The interaction of sLex and
selectins may take place effectively even at subnalar concentration levels.

The rolling of tumor cells on endothelium is anezdtal step in extravasation
to form distant metastasis foci. Similar to leukigsy the initial interaction between
tumor cells and endothelium are mediated by sLek BErselectin. Defucosylation
has been found to be able to remove fucose fromdantigens and decreased the
expression of sLexHigure 22-23. It would be important to determine whether this
treatment would lead to changes in the rolling badraof defucosylated tumor cells.
A flow chamber assay system were thus used to sh&lynteraction between tumor
cells and endothelium under flow conditions, prawidbetter mimicking of the in
vivo situation compared with its static counterpart

In the first part of this experiment, we used nabeled tumor cells and
HUVEC to investigate the effects of defucosylatmm the tumor cell adhesion on
endothelium under flow conditiongigure 24). We also use automated computer
analysis including programs written by Dr. Kucikwasll as algorithms developed in
conjunction with commercial software companies. Tambination of large amounts
of image data and automated processing makes dtigahto analyze a sufficient
number of events to accurately calculate mean itedec quantify acceleration

events, and determine statistical significance.
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<+—Rolling cell

Figure 24. A representative image captured from a flow chamberssay.MDA-
MB-231 cells were trypsinized, counted and everdgosted into three groups; two
groups were treated with fucosidase, atC37for 30 and 60 minutes respectively.
Control cells were incubated with only PBS for 6hates. Cells were then diluted in
HBSS. A laminar flow chamber was constructed byngisa GlycoTech flow
chamber insert and gasket inserting into the didtured with confluent HUVEC
cells. Cells were injected into the flow chambarHBSS, at controlled physiological
shear stress using a programmable syringe pumpls Q@etre viewed on an
Axiovert100 microscope. The rolling cells can bstidiguished by its characteristic
motion pattern.
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Figure 25. Flow chamber assay demonstrating a sigitant decrease of MDA-
MB-231 cells rolling on HUVEC after a-L-fucosidase treatment.The number of
tumor cells rolling on HUVEC was found to be desehunder three different sheer
stress levels, a0 min, and at60 min of fucosidase, on HUVEC (*, p<0.05 by
Mann-Whitney Test). There is also a significanfeténce betweeB80 min and 60
min of treatment (p<0.05 by the Mann-Whitney Test).
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Figure 26. The effects ofx-L-fucosidase on tumor cells’ flow speed on HUVEC.
The flow speeds of individual cells were recordad aalculated as described before.
Defucosylated cells had a weaker interaction withMC and thus flowed faster.
Compared with the control, the flow speed of MDA-MB1 cells significantly
increased after standard 30 minutes of treatméntMann-Whitney test, p<0.01). 60
minutes of treatment with fucosidase produced amawore prominent increase (**,
Mann-Whitney test, p<0.01). There is also a sigaifii difference between 30 and 60
minutes of treatment (##, Mann-Whitney test p<0.01)
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Figure 27.The scatter distribution of the flow speed of MDA-MB-231 cells after
fucosidase treatmentMore cells tend to flow faster after defucosylafierich was
correlated with the time of treatment with fucosidaSee Methods for details.
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Figure 28. Box-plot of the flow speed of MDA-MB-231 cells afte fucosidase
treatment (Control, 30 minutes and 60 minutes of fucosidasatinent). In the box
plot, the box stretches from the lower hinge (dediras the 25 percentile) to the
upper hinge (the #5percentile); median, minimum and maximum are diaplayed.
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Fucosidase Treatment Decreases the Static AdhesioMDA-MB-231 cells on
HUVECs

Not only was the rolling on endothelium affecteddsfucosylation, we have
also identified that the static adhesion of MDA-NB1 cells to endothelium in vitro
was also inhibited bw-L-fucosidase treatment. The adhered MDA-MB-231sceh
HUVECSs could be distinguished by their differenapgls Figure 29), which make it

possible to quantitatively measure the adhesidaorabr cells on endothelium in vitro.

HUVEC

Tumor Cells

Figure 29. The static adhesion assay of MDA-MB-23kells on HUVEC.
Fucosidase treated and control cells (5000/ml) wszeded onto the confluent
HUVEC monolayer cultured in 96 wells-plates. Aftke indicated time of co-culture,
the wells were washed by PBS. The adhered tumds eetre counted under
microscopy with the aid of a grid eyepiece. The eadd MDA-MB-231 cells
displayed different morphology from HUVEC as inde&x by the arrows and could
be easily identified and counted by their differshnapes.
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The importance of sialyl Lewis x was also illuseitoy adding sLex specific

antibody into the adhesion assay systeigyre 30).
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Figure 30. Defucosylation significantly decreased he MDA-MB-231 cells
adhesion on HUVEC under static conditions.Km93 anti-sLex antibody also
significantly inhibited the adhesion on endothelcalls. Data were analyzed by
Mann-Whitney Test, *, P<0.05 represents the treajemlip as compared to the
control, ** P< 0.01 represents the treated groupagmspared to the control.

Fucosidase Treatment Decreases the Rolling of MDA3A231 on E-selectin, P-
selectin and ICAM-I

To further study the effects of-L-fucosidase on tumor-matrix interactions,
we sought to study the effect of defucosylationtemor cells rolling under more
standard and simplified conditions. Thus, a flovamiber assay with fluorescence
labeling was applied. E-selectin, P-selectin an&N& were used to coat flow
chamber plates, and labeled cells could be eadifgrentiated by their different

colors under fluorescence microscoffyigure 31) The variance in the number of
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rolling cells revealed different interactions wittdividual matrix components. Using
this method, we have identified that fucosidasattnent impaired the rolling of
MDA-MB-231 cells on all 3 adhesion molecules, oa. E-selectin Figure 32) and

ICAM-I (Figure 33), and on P-selectin but only under low shear stoesslitions

(Figure 33).

Figure 31. Consecutive image frames captured from a represeriige flow
chamber assay with fluorescence labelindpots represent individual MDA-MB-231
cells. Tissue culture dishes were coated with pmarifsubstrates as described.
Fucosidase-treated tumor cells were labeled witliT@ze™ Calcein Red Orange,
while tumor cells in the control group were labeleith Calcein green. After
incubation with fluorescence dyes and washing thginty, 5Sml of each group cells
were thoroughly mixed. The mixture of cells withfferent colors of fluorescence
were applied to the flow chamber following the sgmnecedure as described above,
except video recording was performed under flu@ese microscopy. The number
of rolling cells labeledred (fucosidase treated) and labelgaen (control) at the
various time intervals were counted, respectively.
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Figure 32-33. Fluorescence-labeled flow chamber assay on purifieddhesion
molecules (Figure 32 E-selectin, Figure 33 P-selectin and ICAM-I). The
fluorescence-labeled flow chamber assay was coedues described. Alpha-L-
fucosidase treatment decreased the rolling of MDB-BB1 cells on all purified
adhesion molecules under all three levels of sk&gess for E-selectin and ICAM-1,
as well as at the “0.36 dynes/¢rgroup for P-selectin. Data were analyzed by Mann-
Whitney Test, *, p<0.05 represents the treated gmampared to the control, ** p<
0.01 represents treated group compared to theat@mnoup.

In conclusion, we provide evidence to support tyeodthesis that alteration of
the expression level of a single monosaccharide, da-L-fucose, alters the
interactions between tumor cells with matrix anéhvendothelium in vitro. Our data
revealed that defucosylation decreased tumor catlhesion on fibronectin,
hyaluronic acid, laminin and HuBiodelWe also found defucosylation reduced the
detection of specific glycans by mAbs directed agaiCD15 or CD44. The co-
localization of fucose orffl integrin also decreased. We also investigated the
interaction of tumor cells with endothelial cellsder both static and flow conditions.
Again, a-L-fucosidase treatment decreased the expressishex{ and inhibited the
rolling of tumor cells on endothelium and on adbesmolecules, which in turn,

increased the flow speed of human breast cander cel

Discussion

Patients with localized breast cancer have a 5-g@atival rate of 98%, while

the survival rate drops to 26% in those patientsaaly having distant metastases
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upon diagnosi$'’”. Thus, early detection and interference with tupmgression,
i.e., invasion and subsequent metastasis, is arit@ improve prognosis. Tumor
progression is generally accompanied by concuradtetrations in virtually every

K78 179 vyoluminous evidence has proven that breast cdacer

aspect of glycosylatio
not an exception. Abnormal glycosylation patteraghfer, are known to signal the

transformation of breast cancer to a metastatiopiype™?.

In the previous chapter, we identified high levefsa-L-fucose on human
breast cancer cells. As we reviewed, fucose-comgirglycans are known to
participate in many physiological processes ingigdconstituting the major blood
group antigens, mediating leukocyte-endothelialesdtin, fertilization, as well as
ontogenesis and differentiati®®. The importance of fucosylation has been further
demonstrated in a rare genetic disease, Leukoaytegion Deficiency (LAD) type II,
in which the terminal fucose moieties are sevemglgaired, leading to a profound
defect in leukocyte rolling on endothelidtf". Under multiple pathological settings,
fucosylation has also been found to be elevatedarious kinds of tumor and could
often be correlated with tumor progression, e.p-ragulated fucosyltransferase VII
genes were correlated with lymph node metastasidtan poor prognosis of patients
with breast cancét®. Thus, we hypothesized that reducing the “fucaselén” by
exogenous fucosidase would interfere with the vemgractions modulated by
fucosylated glycans and glycoproteins. We also subthat defucosylation was not
cytotoxic under the conditions used, but mainly &ngd crucial cell-ECM and cell-
cell interactions via altered cell signaling, whichturn, disturbed important tumor

functions.
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Fucosylations, we now suggest, indirectly modifyheglon molecules,
including integrins, selectins and CD44. Insteddtawgeting a specific protein,
alterations in glycosylation patterns decoratingriotes adhesion molecules
accumulate and generate considerable effects olulareladhesion to ECM
components. We have identified significant changeshe adhesion properties of
these defucosylated cells. Under static conditiahs, adhesion of MDA-MB-231
cells on simple matrices such as fibronectin, lamitype | collagen, hyaluronic acid
and complex ones such as HuBidgetere significantly decreased byL-fucosidase

treatmen{Figure 15).

There have been many reports suggesting that gliatmsn modulates the
functions of integrins, which mediate the interacti of tumor cells with fibronectin,
laminin and the collagens. In metastatic human nwetea cells,f-1,6- branched
glycans onog, B1 integrin subunits have been shown to affect thand binding of
agPs integrin and to modulate tumor cell adhestB. Glycosylation also directly
affects p1 integrin maturation, subunit assembly and bindaugvity 84, B-1,6-
GIcNAc branching protect$; integrin from degradation and enhances deliverthéo
plasma membrane that, in turn, subsequently pramogd migration and Matrigel

(183 " Further, changes in N-linkgt#1,6 branching on the glycosylatéd

invasion
integrin subunit has been demonstrated to altecélienatrix adhesion and migration
by modulating integrin clustering and subsequegnaitransductioff®®. In contrast,
down-regulation of the expression BfL,4-galactosyltransferase V has been found to
promote the maturing and stability of cell surfangegrin f1 and enhance the

adhesion ability of neoplastic cells to fibroneatrhile modulating the level of focal

adhesion kinase phosphorylatioff .
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In this chapter, we provide evidence for found dased co-localization of
fucose with thel integrin subunit after fucosidase treatment, foott with theav
integrin subunit Figure 19). This decreased fucosylation associated Witintegrin
may have contributed to the altered human breastetacells’ adhesion on
fibronectin and other matrix components. It's algossible that the fucosidase
treatment modified other cell surface adhesion mdés, as similar to the role that
fucose plays on integrins, the hypersialylation P integrins in colon
adenocarcinoma up-regulates attachment to collagemd laminin*®. Different
glycan structures on other integrins also showagertliscrepancies in terms of
adhesion. In contrast to the role of fucose, dgsitdd asB; integrin from human
bladder T24 carcinoma cells exhibits significanthygher fibronectin-binding

127

capability[ I'and removal of sialic acid by neuraminidase treaimenhances the

cell adhesion of Burkitt's lymphoma cell to galaeti™®®,

Similar to our findings, manipulating the fucosergmting enzyme, FX,
affects global cellular fucosylation and alters iteraction of colorectal cancer cells
with extracellular matrix components such as fileetin**°. The FX enzyme is also
known to modulate the adhesive interactions betwadaorectal cancer cells and
endothelial cells by controlling the production fatosylated Lewis antigen&™ |
Generally, glycosidase or glycosylation inhibitbi@ve also been found to affect the
adhesive functions of integrins. Tunicamycin haserbereported to inhibit
glycosylation orw,fs anda,fe integrins and to impair the adhesion of HT29-Dibno
adenocarcinoma cells to vitronectin and fibrone€ffl. Similarly, deglycosylation
has been shown to induce dissociation or altercetsmn ofasp1 subunits resulting in
concomitant loss of fibronectin binding activity®. Inhibition of glycosylation is

also known to result in aberrant glycosylafiadas, os, as, andav integrin subunits
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while significantly decreasing the adhesion of HI'ffuman colon adenocarcinoma
cells to laminin, type IV collagen and fibronectiff®. Increasingly, evidence
highlights the importance of glycosylation on tunaathesion mediated by integrins

and this work supports this contention.

Another adhesion-associated family of molecules4€3 widely distributed
among different cells and tissues and plays impontales in many biological and
pathological processes. Specifically, CD44 is known up-regulate migration,
invasion and metastatic activiti€s®. N-/O-glycosylation and glycosaminoglycan
(GAG) carried by CD44 are important for the comneation between ECM and
intracellular protein components. Changes in Nd &hrglycosylation of CD44s
modulate its cleavag€®™ and adhesion on hyaluronic aét®. Immediately after
treatment, the observed decreased detection of @Bdgdre 20) may have arisen via
two possible pathways. Firstly, glycosylation hawensiderable effects on the
masking, exposure or modification of antigenic @pés. Alteration of glycosylation
may impair its recognition by antibodies. RemovaINaglycosylation has already
been shown to impair the immunoreactivity of mAbaiagt pan-CD44'%¢. The
second possible argument is that exogenous evdnth wlter cell-cell interactions
lead to perturbations of one or more signaling wairs, which, in turn, cause the
down-regulation of CD44 expression. Further experita examining CD44 mRNA
and protein levels will be helpful in illuminatinge mechanisms during the observed

changes.

As we have shown irFigures 15 and 17, CD44 mediated adhesion on
hyaluronic acid significantly decreased after fudase treatment. A number of

investigators have also found glycosylation affdctee binding of CD44 with its
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ligands, principally, Hyaluronic Acid (HA). Exampgeinclude the increased
expression of N-acetylglucosamine on CD44 enhancmayse melanoma cells’
adhesion to HA to promoted tumor growth and mesist®” and inhibition of N-
glycosylation decreasing CD44 mediated-adhesidtAdy ovarian cancer cell&®
and by neuroblastoma celt€®. Similar to the role of sialic acid in the modigat of
adhesion mediated by integrimemoval of sialic acid by neuraminidase increased t
adhesion to HA by ovarian cancer celi8®. Furthermore, a combination of
neuraminidase and O-glycosidase treatment rendé244 reactive to antibodies
which previously failed to recognize its expressiontumor cell$*?. Perturbation of
HA-CD44 binding is known to suppress the PI3-kitake pathway %%, These
reports also suggest a possibility that, the detechanges of the expression of CD44
by antibodies, may indeed arise from alterationthénglycosylation pattern of CD44,

which justify more research using other approaches.

Cell adhesion molecules, including intercellulaidl cadhesion molecule-1
(ICAM-1), E-selectin and P-selectin, has been smidextensively in the field of
inflammation. Basic functions include their abilitp recruit leukocytes onto the
vascular endothelium. It's now clear that some uating cancer cells may also
utilize similar machinery to disseminate and exsate, building towards the
metastatic phenotype. The selectins are a famigdbiesion molecules expressed on
endothelial cell and leukocytes, mediating leukedgukocyte interactions and
leukocyte-endothelium interactions. The interactioh L-selectin expressed on
leukocytes with its environment is one of low atfnwith rapid “on-and-off”
switching. Thus, this drives the adhesion of leykes to the vascular endothelium
and modulates leukocyte-leukocyte rolling. P-satecis found both within

endothelial cells and platelets, and is involvedewkocyte recruitment, trafficking,
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wound healing and blood clotting. Ligands for L-dda-selectin include fucosylated
structures, mainly the sLex moiefy. Through L- and P-selectin, tumor cells often
form complexes within thrombi and with plateletsldeukocytes in the bloodstream,

facilitating metastases and evasion of the immyseem'*.

As we have discussed previously in the text, theression of selectins and
their Lewis antigen ligands are known to be coteglavith tumor progression. It has
been found that MDA-MB-231 human breast cancesc#élemselves, can induce the
expression of E-selectin on endothelitfft. In normal breast epithelial cells, sLex
and sLea are rarely expressed, while they are teeba increased in primary breast
carcinoma and metastatic foci. Further, it has b&®wn that the expression of E-
and P-selectins have also been found to be eleimtedhor tissue&°". Serum level
of sLex and soluble E-selectin have similarly bsbown to be elevated in patients
with advanced and recurrent breast cancer, espeitiahose with distant metastases
202 The expression of sLex in primary breast carissués has been correlated with
the poor prognosis of patients and with lymph nougtastase¥%. Compared with
primary cancer, metastatic breast cancer cellatsdlfrom bone marrow have also
been reported to express higher amounts of Lexex sind Ley?®. This combined
evidence strongly suggested a prominent role f@xsih neoplastic progression of

breast cancer, which prompted us to investigateetifects of fucosidase on the

fucose-containing glycan, sLex.

Using flow cytometric analysis, we were also albeidentify a decreased
expression of sLex on the cell surface of the MDB-H31 human breast cancer cells
after treatment with fucosidagEigure 22-23) This same general decrease was also

found in the expression of LefFigure 21). The effectiveness of fucosidase in
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modifying Lewis antigen expression has previousgrbreported. In fact, fucosidase
treatment has been shown to be able to completsiish the recognition by Lex-
specific antibodied®®™. Presumably, the epitope of sLex recognized by rtifeo
Km93 was disrupted by the hydrolysis of the terrhind, 3-fucose after fucosidase
treatment. Recently, it was reported that sLex appdo directly participate in
epithelial migration and repaif®®. We also found that the KM 93 sLex antibody
interfered with the adhesion of breast tumor ctdlgshe HuBiogel complex ECM
(Figure 17), and further, this was linked to the cumulatiie@s on the incorporated
sLex carried by various adhesion molecules. Clearither studies are needed to
better define the functional roles of sLex struetur mediating the adhesion process

beyond that associated with rolling on endothelium.

Lewis antigen determinants are rigid structuresiclvigenerally maintain the
same conformation in the free and bound st&®s Under external forces, the
intermolecular dissociation between sLex and sielelimains are mainly determined
by the separation of fucose from calcium which @roonformational changes and
adhesive functionality of selectin-ligand interacs “°®. The CRD domain of E-
selectin is known to coordinate a single calcium ioteracting with two hydroxyl
groups on fucoseF{gure 34), one of the four monosaccharides constituting the
tetrasaccharide glycan, sLEX. Intermolecular dissociation between sLex and E-
selectin was mainly determined by separation obsecfrom C& in selectin-ligand
systemd?®®. Replacement of these hydroxyl groups by hydrajengated E-selectin
binding ¥ and the presence of fucose at th&,3-position was essential for the
ligand function of selectiné™". Thus, removal of fucose from selectin ligands lafou
presumably alter the conformation and impair thabisity of selectin-ligand

interactions under external forces.



89

sialyl Lewis x

E-Selectin

Figure 34. lllustration of the interaction between human E-sebctin domains
binding with sLex, showing the arrangement of sLex, juxtaposed toctdeium
through hydroxyl groups (figure created based enwork of Somers et. &', see
Appendix for the License Agreement)

Others have previously shown thatl,3-Fucosyltransferase-VIl-deficient
cells display significant reduction in their intetian with P- and E-selectins under
flow conditions?*®. Further, inhibition of glycosylation in Lewis Igncarcinoma
cells has similarly been seen to reduce the exipress sLex, thereby, impairing P-
selectin-dependent cell adhesion in vitro and desing formation of metastases in
vivo ¥, Benzyle-GalNAc, an O- glycosylation inhibitor, has alseelm found to
suppress the expression of sLex and sLea on tuelts and thereby reduce their
adhesion to endothelial cells or platelé§!, while decreasing their binding to E-
selectin®®. Down-regulation of the fucosylation generatingyane, FX enzyme, as

we have alluded to previously, affects global dal@ucosylation, decreases adhesion

to activated endothelial cells and to recombinaiselectin, and alters the interaction
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of cancer cells with extracellular matrix comporsghit. These observations parallel
the findings that we uncovered in our study. Thelsservations thus provided the
rationale for us to set up an experimental modektckvimore closely mimicked the
physiological state.

We, thus, utilized a non-passive model of breasteacells movement within
the vascular tree during the late stage of neaplpsbgression. A high temporal- and
spatial-resolution flow system was utilized whichcapable of capturing images at
high speed and resolution making it possible totwap accurate positional
measurements of individual cells’ velocity and dedion. Tumor cells with
different fluorescence labeled tags provided a ncoraparable approach to study the
flow condition of breast cancer cells on identicatrices(Figure 31). By using this
flow chamber assay system, we have identified aedse rolling of breast cancer
MDA-MB-231 cells on endothelial cells, in vitro, der flow condition. This study
further suggests the possibility that defucosyfatiesulted in a low level of fucose on
sLex, which in turn, impaired the interaction oésle tumor cells with endothelium, as
well as with purified E-, P-selectins (at low sheairess) and ICAM-1 under flow
conditions(Figure 32-33) In addition to reducing the expression of sLexolsidase
may also affect many other fucose-containing glgdanluding other members of the
Lewis antigen family (Lex, sLea, etc. sdé@gure 14) and numerous fucose-
incorporated glycoproteins and glycolipids, whicvé the capability to act as ligands
for ICAMs and selectins. For example, down-regolatbf sLea has previously been
shown to decrease the adhesion of highly metastatiorectal cancer cells to
endothelial cells and to recombinant E-selecil!. Sialyl fucosyl poly-N-
acetylgalactosamine gangliosides also mediatesldetsedependent rolling and

tethering under physiologic shear stress conditfdfis
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Similar to our findings, down-regulation of sLex cdeased human
hepatocarcinoma 7721 cell adhesion to HUVEC, arek specific KM93 antibody
significantly abolished the cell migration and isien of these cell€®. Compared
with a sialyl residue, fucosyl residues appear mamgtical for human
hepatocarcinoma H7721 cells’ adhesion to fibromeatid laminin, but less to their
adhesion to HUVEC. Noticeably, cell adhesion to HEG/ migration, and invasion
can all be inhibited by the mAb against sL&X), which is consistent with our
findings (Figure 29). On the other hand, treatment of the mixed popradf cells
found within human cord blood with GDP-fucose andogenous o-1,3
fucosyltransferase VI, was seen to increase skpkession, augment binding to P-
and E-selectin, and improve cell rolling on P- &hdelectin under flow conditions
2201 Binding of cancer cells to E-selectin has alserbshown to initiate signal
transduction pathways affecting metastatic abditi®elated to this phenomena,
interaction of T84 colon cancer cells to E-seleatirvitro is known to significantly
elevate intracellular Gaconcentrations, increase tyrosine phosphorylagémulate
tumor cell actin reorganization, increase collagenaecretion and induce cell
migration ®*!, Decreased interaction with selectin by fucosidmsatment, also is
presumed to affect these functions downstream ex-selectin interactions.

Other fucose-containing Lewis family glycans havgoaeen implicated in
the progression of breast cancer. Lex (i.e. CD45¢cognized as a tumor antigen and
is known to participate in many processes involiiredncogenesis, development,
differentiation and cellular adhesion. The expmswf Lex in breast cancer is
commonly found to be localized at the leading edfyan invading tumor or at the
outer edge of carcinoma in situ, suggesting a palerole in invasiveness and

metastasid?*? and is further found to be correlated with the gradinical stage,
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recurrence and prognosté®. Glycoproteins serving as Lex-carriers includeACE
related cell adhesion moleculd®® and cadherif®®. Lex also mediates adhesion of
human breast carcinoma cells to endothelfith

As fucose is one of the three monosaccharides asimgi_ex(Fig 14), it was
not unexpected to find the detection of Lex demdaafter defucosylatiofFigure
21), similar to the findings with sLex. A similar elwas identified for sLea, as
transfection of cells with antisense cDNA ferl,3/4-fucosyltransferase eliminated
the expression of sLea and completely abolisheit #uthesion to E-selectitt®®.
Interestingly, the glycosylation carried by the GDdplice variant(s) on LS174T
colon carcinoma cells, was found to possess Etselégand activity, providing a
novel functional role for CD44 in cancer metastd&t 2! while also building a
bridge to our finding concerning the expressiolcB44 on MDA-MB-231 cells after
fucosidase treatme(fEig 20).

In contrast to the exogenous defucosylation by ewical hydrolysis,
considerable efforts have been sought to diminish surface fucose levels by
modulating fucosyltransferases expression. Thesamse transfection of several
fucosyltransferase genes has in fact, result inbstantial reduction of sialyl Lewis
antigens’ expression on cell surfaces, and consgigu® inhibit their adhesion to E-
selectin, decreasing metastases in human BxPC+«3gztit tumor cell& and HT-
29 LMM colon carcinoma cell$?®. Direct interference with the interaction between
sLex and E-selectin is also an intriguing targed ather investigators have shown
that a high level of ‘shredded sLex’, in the seraf patients with pancreatic cancer
could be seen to reduce SW1990 cell binding tol&stia **°.

In this chapter, we have thus presented our firglimgich would enrich our

understanding as to the functional role that fut@gyn plays in the cross-talk
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between cells and their matrices. Further, we hdeatified the effectiveness of
defucosylation on tumor cell functions in a physgctal-mimicking situation as

related to breast cancer cell neoplastic prograssio
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CHAPTER 5

CONCLUSIONS

The application of glycosylated proteins as tumarkars for the diagnosis
and treatment of tumors is not novel, but the fiometl significance of glycans in
tumor development and neoplastic progression hés recently been unveiled. A
more precise localization and depiction of the dtite and function of cancer
associated glycans has become available thanksaity @ the advancement in
glycobiology molecular and cellular technigues. aionale has been accepted by a
growing number of investigators that by interferingith the expression of
glycosylation, it becomes feasible to inhibit tunaevelop and progress. Altered
glycosylation in cancers has in fact, become aetafgr both experimental therapy
and clinical trials. Farthest down this pathway date family of specific
pharmaceuticals developed to block selectin-mediatthesive events. The trend in
cancer glycotherapy remains the development of ewere specific glycosylation
inhibitors and the delivery of an efficient systeitherapeutic genes that modulate
the glycosylation sites expressed on tumor cefiases. In addition, an even popular
approach is to analyze glycan profiles in selecucers so as to reveal new glycan
biomarkers with improved accuracy.

A glycosynapase model of carbohydrate-bearing mangomicrodomains has
been established as the controlling functional umitarbohydrate-dependent cell
adhesion and it has been shown that the sLex aed ahtigens confer upon cells a

key “prometastatic glycosylation phenotyp&®., Targeting the machinery for
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processing tumor cell surface oligosaccharides, davgs have been developed to
inhibit metastasi§>%. Further, synthetic selectin-ligand mimetics haeen shown to
act as competitive inhibitors of glycan mediatingndtions, and cell-permeable,
small-molecule oligosaccharides have been idedtifiehich can alter metabolic
pathways and disturb the biosynthesis of targetaglg. Systemic administration of
AcGnG-NM, a disaccharide-based inhibitor of glydaign has been shown to be
able to inhibit the biosynthesis of slLex associateith spontaneous lung
dissemination of tumor cells without interfering tivithe normal physiological
expression and functions of selectin-sLex dependesponse&**. Mimics of sLex
have also been designed and synthesized to irthilmior cells’ interaction with E-
and P-selectiff*™, which further outcompete sLex/a antigens expressetumor cell
surfaces to prevent initial vascular adhesfdfl In addition, competing disaccharides
have been generated which can block synthesislettse ligands and subsequent
adhesion of cells to selectins through decreas@desgion ofa-2,3-sialylated and
fucosylation oligosaccharidés?. Lastly, the initial arrest of tumor cell in theng
vasculature has been reported to be remarkablyitetli by exogenous liposomal
sLex!?34,

Certain obstacles in the application of glycothgrapcancer patients do exist.
In contrast to the highly-specific and fully potdanhction of protein/enzyme targets,
the consequences of altering glycosylation maylréswessentially undetectable and
non-specific changes. Even within a particular slafsproteins, the effects of altering
glycosylated residues are highly variable and uwhptable. In addition, identical
glycosylation changes have been found to have rdfrkifferent effects on different

proteins or lipids. This is only heightened by &mwledge that the examination of
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these entities by either in vivo or in vitro meamsand of itself, may yield different
result from the natural, in-situ state.

In the setting of a glycosynapase microdomains,fiodings provide a direct
approach to disrupt the interaction and modify tfpsometastatic glycosylation
phenotype” mimicking the in vivo physiological neili, thus providing a basis for
more clinically-oriented approaches in the neaurit A clinical scenario could be
visualized, based on our study, where by circutpsibex-diminished carcinoma cells
would bear a diminished capacity to build an intdom with the vascular
endothelium and predictably, generate less metstasspecially if one were to
deliver the defucosylating drug during or immedafgost-operationally. Exogenous
application of glycosidases may also be potentialiytable for the prevention of
tumor dissemination within certain luminal orgafa, example, the urinary bladder

or common bile duct.

Summary

Modification of a certain monosaccharide on memeérgtycoproteins may
provide a profound “canister-like” effect on var®wspects of tumor function.
Innovative research in tumor glycobiology shouldvide us with new weapons to
modulate tumor invasion and metastasis and thehelyy to lower the mortality in
patients with cancer. A further understanding o #xpression of malignancy-
associated glycosylation events and the detaildécutar mechanisms whereby they
mediate cellular events will, in turn, help us tentify additional targets of such

glycan-mediating interactions, all of which shodddost the development of more
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glycan-based therapies and increase the possibleeshfor physicians to improve the

prognosis of patients with malignancies in genaral with breast cancer specifically.
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