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Ovarian cancer causes the most gynecological cancer deaths worldwide. In the Netherlands, each year 1,300 new patients are diagnosed and 1,000 patients die of this malignancy.' Most patients are diagnosed after menopause and the average lifetime risk is
1 in 70.2 The most important prognostic parameters for ovarian cancer include FIGO
stage, tumor grade, histopathological subtype and residual disease after debulking
surgery. Due to its insidious onset, ovarian cancer patients are predominantly diag
nosed with advanced disease, suffering from large metastatic tumor lesions throughout
the body.3'4 Rigorous surgery aiming to remove all tumor depositions combined with
platinum-based chemotherapy is still the best option for prolonged survival. However,
even though patients initially respond well to primary therapy, they will eventually relapse
and eventually succumb to the disease.
Studying ovarian pathology is complicated because the tissue of origin and biological course of the disease are still unknown. The interaction between ovarian cancer
cells and its surrounding environment is an even greater mystery. The latter is a relatively
new area of research offering new opportunities for tumor marker development which in
turn may support the development of novel diagnostic and therapeutic modalities.

1.1 Ovarian cancer, heterogeneous pathology
Ovarian cancer represents a wide variety of malignancies affecting the ovary. There
are three main cellular types; epithelial, germ cell and sex cord-stromal cell. Epithelial ovarian cancer is the predominant and most lethal form of ovarian cancer, representing over -90% of all malignant ovarian tumors.6 Moreover, the epithelial variant
itself exhibits a heterogeneous group of tumors including; serous (75-80%), mucinous
(-10%), endometrioid (-10%), clear cell (<5%) carcinoma (Fig. 1). Different ovarian
carcinomas show diverse genetic blue-prints and diverge in clinical behavior and prognosis.6'7 Besides the histopathological subtype, ovarian carcinomas are classified on
basis of their differentiation grade. According to The World Health Organization (WHO),
we can distinguish low grade and high grade tumors, high grade tumors being the most
aggressive subtype.8
To detect ovarian cancer at an early stage a well-defined precursor lesion is essential. Unfortunately, the tissue of origin from which ovarian cancer derives is still unknown.
Over the years, many proposals have passed in review. It was recently put forward that
the genetic makeup of ovarian tumor cells contributes to the development of two major
pathways in ovarian carcinogenesis, described as type I and type II tumors.9 Type I
tumors include merely indolent, slow growing, low-grade tumors, generally confined to
the ovaries (FIGO I) and tend to develop from a stepwise sequence from well-established precursor lesions (adenoma, endometriosis) to borderline tumors to carcinoma.10
Conversely, type II tumors comprise high grade, fast growing tumors of predominantly
the serous subtype. The precursor lesion of type II tumors remains to be identified, but
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Figure 1.

Morphological features of serous papillary (A), mucinous (B), endometrioid (C), and clear cell (D)
ovarian carcinoma. Forfull color pictures see chapter 10.

is thought to arise de novo from either the epithelial lining of the ovary, the fallopian tube
(STIC), or the peritoneal surface.11’12 Recently, endometrial intraepithelial carcinoma
(EIC) has also been proposed as a precursor lesion for high grade serous carcinoma.13
On the genetic level, type I tumors are generally characterized by BRAF.KRAS, ERB2,
CTNNB1 or PTEN mutations.14,15 In contrast, the most prominent genetic modifications
in type II tumors are p53 or cMYC related mutations.1617
These genetic changes provide special characteristics to cancer cells. Apart from
tumor associated alterations on the genetic level, however, important observations have
been reported in the tumor cell’ microenvironment. In general, the tumoral microenvironment includes cells (normal cells as well as tumor cells), soluble factors, signaling
molecules, extracellular matrix (ECM), and mechanical cues. Just as cancer cells, the
tumoral microenvironment may initiate carcinogenesis, support tumor progression and
provide niches for dormant tumor lesions to thrive 18
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Over the years, ovarian cancer mortality has remained high and patiënt outcome will
only improve with the development of advanced diagnostic and therapeutic tools. For
this purpose, tumor markers bear interesting prospects. in general, tumor markers
allow the detection of specific measurable changes that occur during tumor develop
ment, The ideal tumor marker shows high specificity for a certain type of cancer and
increases in content as the disease becomes more or less severe.
Over the past decades, many tumor markers have been evaluated for their clinical
value in ovarian cancer patients. in the 1980s, Bast et all. introduced cancer antigen
125 (CA125) as the first diagnostic marker for ovarian cancer.19 After CA125, a large
number of proteins or protein fragments have been proposed as new candidate tumor
markers.20'21 These markers were obtained from all kinds of different human specimens
such as blood and tumor tissue. Unfortunately, all markers considered thus far, lack
sensitivity and specificity in detecting ovarian cancer at an early stage, including the
most commonly used biomarker CA125.22-24 Moreover, an upregulation of CA125 is
associated with several other physiological and pathological conditions.
Tumor markers can be obtained from different sources. Gonsequently, many
different specimens are studied, all with their own advantages and disadvantages. In
ovarian cancer, blood and tissue are the most widely used starting materials.25 Blood
is preferred because of the easy availability and its (generally) cheap assessment.
However, blood is a hotchpotch of both normal and tumor derived constituents and the
concentration of circulating compounds can be influenced by various (patho)physiological processes. Tissue has to be surgically obtained, which is a major disadvantage.
However, this source directly shows the large heterogeneity of ovarian carcinomas and
all tumor components can be directly assessed. Most biomarker research concentrating on ovarian tissue is focused on the cellular compartment of tumors or does not
discriminate between tumor cells and the stromal compartment. Recently, it was shown
that tumor biomarkers can be derived from stroma as well as from tumor cells.26'28 So
the stromal compartment, e.g. the ECM represents a garden of opportunities for tumor
marker development.
In addition to diagnostic application, tumor markers may hold promise for novel
targeted therapies. If accurately applied, antigens revealed by different tumor markers
could be addressed to hinder or even stop cancer progression. For instance Human
epididymis protein 4 (HE4) is now studied for its diagnostic and predictive value in
ovarian cancer patients.2931 Moreover, HE4 shows clinical value because it was also
demonstrated that HE4 expression influences cell adhesion, motility, proliferation and
metastasis of ovarian cancer cells.3233 The detection of novel tumor markers and ther
apeutic targets requires a comprehensive knowledge regarding ovarian carcinoma and
the underlying mechanisms addressed during carcinogenesis and cancer progression.
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1.3 The extracellular matrix of the ovary
The extracellular matrix (ECM) is a defining feature of tissue stroma. It is the ground
substance providing tissue support and architecture. The ECM therefore represents
the micro-environment through which cells cross talk. The normal ovary holds three
types of ECM. A basement membrane, separating the epithelial cells from the tunica
albuginea, the interstitial ECM and foci-matrix, i.e. plaques of aggregates between
granulosa cells.34
The ECM is a complex mixture comprising fibrous proteins, other proteins and
glycosaminoglycans. Glycosaminoglycans are linear polysaccharide chains usually
found covalently linked to a protein in the form of proteoglycans. In addition to the type
of core protein and tissue location, proteoglycans are classified according to the type
of glycosaminoglycans they contain. Based on the glycan repertoire, four main groups
of glycosaminoglycans are distinguished; (1) chondroitin/dermatan sulfate, (2) heparan
sulfate/heparin, (3) keratan sulfate and (4) hyaluronan. Glycosaminoglycans consist
of a backbone of repeating disaccharide units composed of an aminosugar and an
uronic acid. The chain is initiated by the addition of an aminosugar to a tetrasaccharide
linker, which is attached to the core protein by O-glycosylation of a serine residue in
the core protein. Disaccharide units composed of N-acetylglucosamine and glucuronic
acid form heparan sulfate, whereas N-acetylgalactosamine and glucuronic acid form
the chondroitin sulfate backbone. After synthesis, the chain undergoes modification
including N-deacetylation-N-sulfation, 2-O-sulfation, 4-O-sulfation, 6-O-sulfation and
epimerization. All these modifications create an enormous variety of different oligosaccharide domains within one glycosaminoglycan chain. During life, the ovarian ECM
endures extensive modifications caused by the physiology of folliculogenesis, formation
and regression of corpora luteum, and aging. As a consequence, the glycosamino
glycan assembly may be subjected to large variations as well.
Except for keratan sulfate35, all glycosaminoglycan families can be found in the normal
ovarian stroma.36'37 Throughout life the ovary is subjected to constant transformation.
For instance, folliculogenesis is induced by increasing concentrations of follicle-stimulating hormone (FSH). FSH stimulates the creation of a specialized hyaluronic acidrich ECM within the oocyte complex. A hyaluronan rich environment is essential for
appropriate ovulation, efficient passage of the oocyte through the tubae and fertilization.38’39 The predominant glycosaminoglycans in follicular fluid are dermatan sulfate
and heparan sulfate.40 Moreover, the formation of ovarian follicular fluid is greatly influenced by the presence Of glycosaminoglycans.41
The primordial follicle reserve becomes depleted when menopause is reached. In
addition, the ovaries shrink because of hormonal changes.42'43 Corresponding with the
aging process, decreased tissue amount and decellularization of the stroma, the total
glycosaminoglycan content lowers.44 a finding which is seen in many tissue types45
and has also been demonstrated in serum.46'47 Despite its constant transformation,
dermatan sulfate is the most abundant glycosaminoglycan in the ovary, particularly in
the tunica albuginea.48
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1.4 The tumoral extracellular matrix
As previously described the ECM changes as a consequence of normal physiological
adaptation. The glycosaminoglycan content and fine structure in every organ is altered
during life but also as a consequence of disease.
For a long time, the focus of ovarian cancer research has predominantly been on
its tumor cells. However, the idea that malignant tumors are a collection of relatively
homogenous cancer cells, is now deserted. Tumors are increasingly recognized as very
complex tissues, where tumor cells closely interact with the surrounding microenvironment. The importance of the interaction between tumor cells and ECM became clear
in the late 1990’s when M. Bissel et all. showed that tumor cells, grown in 3D matrices,
could be reversed to a normal phenotype.49Therefore, contact between the host ECM
and invading tumor cells can inhibit cancer progression. However, specific molecular
cues from tumor cells to the microenvironment result in the disruption of tissue homeostasis, inducing ECM turnover and basement membrane disassociation. ECM turnover
includes both degradation and modulation of the existing stroma and the generation
of novel tumor stroma. This so-called ‘stromal reaction’ (or desmoplasia) is a typical
feature of numerous tumors, including ovarian carcinoma-50 Degradation of the host
ECM releases essential growth factors for angiogenesis, cell growth and metastasis. In
ovarian carcinoma, large amounts of intratumoral stroma have even been recognized
as an independent predictor for poor survival.51 Therefore, a better understanding of the
changed microenvironment during ovarian cancer progression, especially concerning
tumor stroma, is essential to gain insight in the underlying mechanisms regulating
angiogenesis, cell growth, invasion and dissemination.

1.5 Chondroitin sulfate, a potential tum or marker and therapeutic
target for ovarian cancer
Tumor cells can’t move without modification of the stroma. Studies of the last three
decades permitted a great progress in the comprehension of the glycosaminoglycan
involvement in the modulation of cell behavior, tumor progression and metastasis. On
the glycosaminoglycan level, ovarian tumor stroma is a largerly undiscovered research
field. The ECM surrounding tumor cells is loaded with glycosaminoglycans, especially
highly sulfated chondroitin sulfates. This finding applies to various types of cancer,5285
including ovarian cancer.88'87

Chapter 1 | Introduction and outline of this thesis

In addition to the architectural support the ECM offers to tissue, it also serves as a
reservoir for many ligands including growth factors and cytokines. Many growth factors
contain heparin binding domains and other motifs that mediate binding to the glycosaminoglycan component of the ECM. By binding to the ECM the bioavailabiiity of these
factors is limited, however, their stability is increased. Whenever the ECM is degraded,
these factors are released in soluble form and can exert their biological function much
more efficiently.

The large structural diversity of chondroitin sulfate makes it an interesting molecule in
tumor marker development. lts chain composition holds mixtures of alternating disaccharide units of variable sulfation. Moreover, chains differ in length and special domains
exist within one chain, creating a large number of distinct chondroitin sulfate ‘motifs’.
These motifs are the key elements on which growth factors act, enabling them to
specifically promote various biological and pathological effects.88,89 Various monoclonal
antibodies, directed against chondroitin sulfate variants have already been generated.
CS-56 and MO-225 have been widely applied to study chondroitin sulfate distribution. Both antibodies react with special chondroitin sulfate motifs consisting of variable
domains of CS-A, CS-C and CS-D.90 The generation of chondroitin sulfate antibodies
is a difficult task and the synthetic generation of different chondroitin sulfate epitopes
is not possible. Application of various assays, including ELISA’s and oligosaccharide
microarrays91'92, are not sufficiënt to characterize the precise epitopic structures recognized by different chondroitin sulfate antibodies. However, even without knowledge of
the precise chondroitin sulfate sequence, various assumptions are well-founded. For
example, the novel chondroitin sulfate antibody GD3G7 strongly recognizes chondroitin
sulfate sequences rich in (triple repeating) CS-E,93 and WF6 recognizes chondroitin
sulfate rich in (triple repeating) CS-C and CS-D.94 Specific changes during carcinogenesis on the chondroitin sulfate level could be detected using antibodies. Ovarian cancer
patients could greatly benefit from specific tumor markers, based on chondroitin sulfate
motifs. A good estimate of survival may guide patients in their personal decision-making
for palliative care. Good differentiation between benign and malignant tumors could
help doctors in their clinical decision-making. Moreover, accurate prediction whether
patients will respond to different kinds of therapy or risk-assessment for extensive
surgery may guide treatment.
As pointed out previously, chondroitin sulfate is involved in many important cell biolog
ical processes. Thus far, cancer therapy is directed at the fast growing tumor cell population in particular. However, slow growing cells may escape cytotoxity and develop as
micro-metastases after chemotherapy has ended. The presence of chondroitin sulfate
in the extracellular matrix makes it an excellent target to direct the environment against
tumor cells escaping for instance chemotherapy. Diverting the tumor environment for
cancer therapy may be the addition needed to cure ovarian cancer patients.
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Chondroitin sulfate plays a central role in physiology as well as pathology. During
cancer progression this molecule is strongly upregulated in the tumoral micro-environment and undergoes micro-structural modifications. Poor survival of ovarian cancer
patients is generally due to limited diagnostic and therapeutic options. In this respect,
the extracellular matrix and its glycosaminoglycans, offers a garden of opportunities.
In this thesis we focused on chondroitin sulfate, especially the highly sulfated type
CS-E, and investigated its role and potential biomarker value in ovarian cancer. A better
understanding of the molecular cues responsible for the crosstalk between malignant
ovarian tumors and the micro-environment might help us design new diagnostic and
therapeutic strategies, aiming at disruption of tumor cell-stroma interaction rather that
targeting tumor cells alone.
In chapter 2, we review the literature in order to gain more insight into the role
chondroitin sulfate and its related proteoglycans play in the extracellular micro-envi
ronment, emphasizing on ovarian cancer. We describe the role of chondroitin sulfate in
tumor progression (tumor growth, angiogenesis, dissemination and immunosilencing)
and show the potential of chondroitin sulfate as a diagnostic or therapeutic target.
In chapter 3, we examined CS-E expression in primary serous ovarian carcinomas
and metastases in the peritoneal cavity. Because of the manifest presence of CS-E in
both primary tumors and metastases, the effect of CS-E on tumor cell behavior, was
studied in vitro for ovarian cancer cell line SKOV3. The mechanistic role of CS-E, was
studied, a.o. by establishing SKOV3 cell lines stably transfected with DNA encoding
GalNAc4S-6ST. Subsequently, the effect of upregulated CS-E on cell adhesion and
migration was studied using 2D and 3D model systems.
In chapter 4, we describe a novel procedure to extract glycosaminoglycans such
as chondroitin sulfate form formalin-fixed paraffin-embedded tissue. This method
enables the use of this widely archived patiënt material for detailed (structural) analysis
of glycosaminoglycans in pathology.
In chapter 5, we applied the phage display technology for the selection of a
single chain antibody (GD3A10), using embryonic glycosaminoglycans as a source for
carcinogenic antigens. We topologically and biochemically characterized the epitope
and aimed to find clinical correlations between epitope expression and prognostic
parameters and patiënt outcome.
In chapter 6, we used the single chain antibody GD3G7 reactive with 4,6-disulfated
chondroitin sulfate to investigate the expression of a highly sulfated chondroitin sulfate
motif in ovarian tumors. We compared the GD3G7 epitope expression in benign, borderline and malignant epithelial tumors and related the expression to prognostic parameters
and survival. In addition, we compared the data with biomarkers p53 and Ki-67.
Finally, chapter 7 concludes this thesis. The results of the above mentioned studies
are discussed in general and future implications are proposed.
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Considering the high mortality of ovarian cancer, novel approaches for diagnostics and
therapy are urgently needed. Cancer initiation, progression, and invasion occur in a
complex and dynamic microenvironment which depends on the interplay between host
cell responses and tumor activity. Chondroitin sulfate (CS), a special highly sulfated
sugar, forms an important intermediate player in this respect. Depending on the (micro)
structural diversity of chondroitin sulfate chains, various ligands interact with this special
group of glycosaminoglycans, making it a key molecule for many physiological and
pathological processes, including cancer development.
This review focuses on the various functions of chondroitin sulfate in tumor growth,
angiogenesis, dissemination and immunosilencing of ovarian cancer. We also shed
light on possible future diagnostic and therapeutic modalities for ovarian cancer based
on the large variety in chondroitin sulfate microstructure and function. it is concluded
that the class of chondroitin sulfate represents an attractive target to interfere with the
process of ovarian tumorigenesis
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Ovarian cancer is a major health threat in women, causing more deaths than all other
gynecologic cancers combined. Worldwide, about 226,000 new patients and approximately 140,000 ovarian cancer related deaths are recorded each year.1 Due to absence
of clear symptoms at an early stage and the lack of sufficiënt screening methods, over
70% of ovarian cancer patients are diagnosed with advanced stage (Fédération Inter
nationale de Gynécologie et d’Obstétrique (FIGO) III and IV) of disease, and have a
poor 5-year survival.2 First-line treatment, consisting of cytoreductive surgery and
platinum-based chemotherapy, initially shows good response. Unfortunately, 70% of
the patients with advanced disease quickly develop recurrent disease and eventually
succumb.3
In the past, efforts in cancer research were predominantly focused on genetic
changes in tumor cells that initiate cancer development. Howevér, solely uncontrolled
proliferation of tumor cells does not result in cancer. For tumor cells, in order to invade
and disseminate, numerous hurdles in the surrounding micro-environment have to be
taken. For example, preservation of normal tissue architecture surrounding tumor lesions
prevents tumor cells from invading and metastasizing.4 As a consequence, tumor cells
evolve and through proteolytic and glycosidic degradation of normal extracellular matrix
(ECM) and de-novo-synthesis of ‘tumoral’ ECM they create a more protective environ
ment. A large intratumoral ECM proportion has shown to correlate with poor prognosis
in different types of cancer, including ovarian cancer.5
The ECM is made up of many different types of proteins and glycoproteins. Chon
droitin sulfate (CS), a special class of glycosaminoglycans, is a major constituent of
the ECM. Mainly positioned as side chains on the protein core of proteoglycans (PGs),
they regulate many biological and pathological processes including cell differentiation,
migration, adhesion and metastasis. An increase of CS and its different subfamilies has
been noted in various types of cancer, including ovarian cancer (Table 1). Moreover,
elevated levels of unique CS epitopes in ovarian cancer tissue and patiënt sera are
associated with adverse prognostic factors and poor patiënt outcome.6'7The functional
significance of CS accumulation is largely unknown. Nevertheless, many mechanistic
roles in the (tumoral) micro-environment have been indicated. A better understanding
of the interplay between tumor cells and its surroundings could eventually lead to
improved diagnostic and therapeutic modalities.
In this review, we discuss the manifold roles of CS in the (ovarian) cancer microenvironment and discuss its potential clinical value in detection and treatment of ovarian
cancer. The intricate play between core protein and glycosaminoglycan chains within
proteoglycans is still unclear and core-mediated effects cannot always be separated
from glycosaminoglycan-mediated effects. Therefore, we have included CS proteogly
cans in this survey as well.
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Table 1.

Changes in chondroitin sulfate content and microstructure associated with various types of cancer.

Type of cancer
Breast

Lung

Colorectum

CS/DS-related changes

References

Type of cancer

CS/DS-related changes

Increased GS-content

[1-5]

Pancreas

Increased CS-content

Decreased DS-content

Increased COS disaccharides

Increased C4S disaccharides

Decreased C4S disaccharides

Increased C6S disaccharides

Increased C6S disaccharides

Increased CS-content

[6-8]

Kidney

Increased CS-content

Increased C4S disaccharides

Decreased DS-content

Increased C6S disaccharides

Increased COS disaccharides

Increased CS-content

19-15]

Esophagus

Increased CS-content
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Increased DS-content

Decreased DS-content

Increased COS disaccharides

Decreased C4S disaccharides

Decreased C4S disaccharides

Increased C6S disaccharides

Increased C6S disaccharides
Stomach

Increased CS-content

Decreased disulfated CS-content
[16-18]

Liver

Increased COS disaccharides

'
Increased COS disaccharides

Increased C4S disaccharides

Decreased C4S disaccharides

Increased C2S6S disaccharides

Increased C6S disaccharides
Prostate

Increased CS-content

Increased COS disaccharides

Decreased C6S disaccharides

Increased C2S6S disaccharides

KI

Increased CS-content
Increased COS disaccharides

Increased C4S6S disaccharides

o

Thyroid

Increased DS-content

Increased C6S disaccharides

[29, 31-33]

Decreased C2S6S disaccharides
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2.1.A 'sweet' side to the extracellular micro-environment
The ECM is a highly organized three-dimensional mesh of fibrous proteins and glycoproteins. A well-operating ECM provides architectural support and molecular cues to
the tissue. A ubiquitous component of the ECM are proteoglycans, highly versatile
glycoproteins with a high degree of heterogeneity especially on the part of the glycos
aminoglycan side chains.8 Glycosaminoglycans are linear polysaccharides that consist
of a backbone of repeating disaccharide units composed of an amino sugar and an
uronic acid. Four major families of glycosaminoglycans have been identified: chondroitin/dermatan sulfate, heparan sulfate/heparin, hyaluronan and keratan sulfate. To a
large extent, the biological functions that proteoglycans possess mediate on the interactions of the glycosaminoglycan chains with various ligands. Moreover, the function
of glycosaminoglycans is closely related to their spacial configuration and location. For
instance, in the ECM they may form growth factor deposits, whereas at the cell surface
they can function as (co)receptors regulating a wide range of cellular events. Through
the binding of glycosaminoglycans with effector molecules such as cytokines, chemokines, and growth factors, glycosaminoglycans are able to regulate cell adhesion, proliferation, migration and angiogenesis.9
The ECM is critical for everyday maintenance of all healthy organs. A “healthy” ECM
surrounding cancer cells, can restrain or even overcome cancer progression,4’10 by
retaining malignant tumors in an in situ situation. Conversely, the ECM also provides
a scaffold to tumor cells and is therefore an essential intermediate player in tumor
progression. Compared with non-neoplastic ECM, tumor associated ECM contains
higher concentrations of various growth factors and high amounts of specific proteo
glycans and glycosaminoglycans (Table 1). Moreover, tumor associated ECM is characterized by a predominant presence of (highly sulfated) CS, which outshines the other
glycosaminoglycan families. Abnormal compilation of ECM facilitates tumor growth and
cancer progression.9

2.2.Chondroitin sulfate and its proteoglycans
The extracellular The biosynthesis of glycosaminoglycan chains is a complex process
and, unlike protein synthesis, not template driven. Instead, glycosaminoglycan formation relies on the activity of a group of specific glycosyltransferase, sulfotransferase
and epimerase enzymes which are present in the Golgi apparatus. Only little is known
about their regulation. The basic structure of the CS backbone is composed of a linear
chain of repeating disaccharide units of glucuronic acid (GIcA) and N-acetylgalactosamine (GalNAc) (Figure 1A). Chain elongation occurs by sequential transfer of the
appropriate monosaccharide by different glycosyltransferases (Figure 1B).11 Subsequent modifications involve C5-epimerization of GIcA to iduronic acid, thereby forming
dermatan sulfate, and O-sulfation at C2 of GlcA/ldoA and/or C4 and/or C6 of GalNAc.
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OR4
COOH

NH
HO
OR2
Ac
Glucuronic or Iduronic acid

N-acetylgalactosamine

C S-U nit

Name

Glucuronic acid-N-acetylgalactosamine

Glucuronic acid

N - acetyl

R2

R4

galactosamine
R4

H

H

H

Glucuronic acid-4-sulfated N-acetylgalactosamine

A-unit

H

SO2H

H

Glucuronic acid-6~sulfated N-acetylgalactosamine

C-unit

H

H

SO2H

2-0-sulfated glucuronic acid-N-acetylgalactosamine
Glucuronic acid-4,6-sulfated N-acetylgalactosamine

E-unit

SOaH

H

H

H

SO2H

SO2H

2-0-sulfated glucuronic acid-4-N-acetylgalactosamine

B-unit

SO2H

SO2H

H

2-0-sulfated glucuronic acid-6-N-aeetylgalactosamine

D-unit

SOsH

H

SO2H

SO2H

SO2H

SO2H

2-0-sulfated glucuronic acid-4,6-N-acetylgalactosamine

B
Chondroitin synthases

T
GalNAc transferase II

Abbreviation

Reaction

Chondroitin sulfate GalNAc transferase (1/2)

GalNAc transferase

Addition of GalNAc residu

Carbohydrate {chondroitin) synthase (1/2)

Chondroitin synthase

Chain elongation by alternating addition of GlcA/GalNAc residues

Chondroitin-glucuronate 5-epimerase

C5 epimerase

Conversion of GIcA into IdoA

Chondroitin 4-0 sulfotransferase (1/2/3)

C4ST

4-0 sulfation of GlcA/ldoA-GalNAc residu

Chondroitin 6-0 sulfotransferase (1/2)

C6ST

6-0 sulfation of GlcA/ldoA-GalNAc residu

Chondroitin 4-sulfate 6-0 sulfotransferase

C4S6ST

6-0 sulfation of GlcA/ldoA-GalNAc4S residu

Galactosaminyl uronyl 2-0 sulfotransferase

UST

2-0 sulfation of GlcA/ldoA

Enzyme
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Figure 1.

C0*4

Oecorin

Bigtycan

Betaglycan

Structure and diversity of chondroitin sulfate and associated proteoglycans.
A. Structure of the disacchariües variably present in chondroitin sulfates. Adapted with permission
from Advances in Pharmacology, Volume 53 (Chondroitin Sulfate: Structure, Role and Pharmacoloical
Activity), 2006, Page 35, Figure 1. B. Biosynthesis of chondroitin sulfate indicating the potential for
structure heterogeneity. C. Various proteoglycans containing chondroitin sulfate side chains (artist's
impression).

The main structural categories of CS are illustrated in Figure 1A. Di-sulfation at C4 and
C6 constitutes CS-E. Generally, CS is composed of various disaccharides. In addition,
chains differ in length and special domains exist within one chain bearing high and low
sulfated substitutions. The structural variation makes CS an information-dense mole
cule containing a large number of distinct oligosaccharide 'motifs'. These domains are
the key-elements on which growth factors and their receptors act, enabling them to
specifically promote various biological and pathological effects.12
CS chains are bound to the core protein of a proteoglycan, which results in the
formation of CS proteoglycans including; (part-time) cell surface CS proteoglycans,
large hyalecticans and small leucine-rich proteoglycans (Figure 1C). In addition, proteo
glycans generally carry more than one type of glycosaminoglycan, for instance aggrecan
(one of the best studied proteoglycans) carries both chondroitin as well as keratan
sulfate sidechains.13
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Cancer involves an intricate interplay between tumor cell proliferation, growth, angio
genesis, adhesion, migration, invasion, and survival. CS has shown to be involved in all
these processes (Figure 2).
Altered expression of CS proteoglycans has been demonstrated in various types of
cancer, including ovarian cancer.14'15 In addition, the type, i.e. sulfation pattern, of CS
appears to be a critical factor in cancer progression. CS in normal, healthy tissue differs
both in quantity and chain composition from CS present in tumors. In normal tissue
monosulfated disaccharide units dominate the CS chains. By contrast, in cancerous
tissue non-, di-, and trisulfated disaccharides are prominent (Table 1).
These structural alterations are brought about by the enzymes involved in CS biosynthesis (simplified overview; Figure 1B).16' 17 Therefore, it is not surprising that increased
activity and altered function of these enzymes contribute to tumor progression as well.17
For example, increased expression of chondroitin-synthesizing enzymes such as chon
droitin synthases I and III was seen in colorectal cancer.18 Whereas digestion of CS by
chondroitinase AC had an adverse effect on proliferation and invasion of melanoma,
endothelial, Lewis lung, breast and ovarian cancer cells.19' 20

3.1 Ovarian cancer oncogenesis
The origin and pathogenesis of ovarian cancer have perplexed investigators for decades.
Regarding the yet unexplained carcinogenesis and origin of ovarian cancer, CS is a
molecule of interest.
Ovarian cancer is a heterogeneous disease composed of various epithelial subtypes
with widely differing pathological features and clinical behavior. Currently, “ovarian
cancer” is thought to comprise different diseases21, wherein serous tubal intraepithelial
carcinomas (STICs) in the tubal fimbriae have been identified as precursor lesions for
the subgroup of high grade serous carcinoma.22
Recently, a 2-way model of carcinogenesis was put forward stating that, among
other things, divergent genetic mutations bring about two broad categories of ovarian
carcinogenesis. Type I tumors represent low grade carcinomas which are genetically
stable while type II tumors represent high grade, aggressive carcinomas which are
genetically unstable. The p53 gene is mutated in more than 80% of high grade serous
carcinomas (type II) and p53 overexpression is significantly associated with important
clinical prognosticators and worse survival in ovarian cancer patients.23
The amount and sulfation pattern of CS have been correlated with the differentiation grade of several cancers. Poorly differentiated hepatocellular and prostate cancers
display increased levels of CS with altered sulfation.24'25 In addition, the sulfation pattern
alters during dedifferentiation, showing increased rates of non- and disulfated disac
charides and decreased levels of monosulfated disaccharides. Concerning the different
ovarian cancer subtypes, serous ovarian carcinomas show an increased amount of
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CS-E compared to mucinous ovarian carcinomas.7 In conclusion, CS might represent
an intermediate molecule in specific molecular pathways of ovarian cancer development.

3.2 Gene expression in cancer
Several genes are involved in the production of chondroitin and dermatan sulfate chains
and changes in gene expression are associated with carcinogenesis. The position and
degree of sulfation of chondroitin and dermatan sulfate chains involve the activity of a
number distinct carbohydrate sulfotransferases including; CHST3, CHST7, CHST11,
CHST12, CHST13, CHST14, and CHST15. CHST11 and CHST13 are involved in the
4-0 sulfation of CS, whereas CHST12 and CHST14 sulfate dermatan sulfates at the 4-0
position. CHST3 and CHST7 share specificity for 6-0 sulfation. Highly sulfated CS-E
(4,6-disulfated) disaccharides are produced when CHST15 transfers sulfate to a 4-0sulfated monosaccharide.16The literature on the regulation and underlying mechanisms
involved in carbohydrate sulfation is still very limited. However, a number of studies
have described some important alterations in cancer.
CHST 15 is the sole sulfotransferase responsible for biosynthesis of highly sulfated
CS-E. Altered transcription has been observed in various carcinomas including breast
and ovarian cancer.15’ 20 Aggressive metastatic cell behavior has been correlated
with high expression levels of CHST15 in Lewis lung carcinomas. Increased levels of
CHST 15 produced higher amounts of CS-E which, in turn, was accompanied by a
decreased level of CS-A (the substrate for CS-E).19 Knockdown of CHST15 in Lewis
lung carcinoma cells resulted in reduced proliferation and adhesiveness in vitro and
inhibited pulmonary metastases in a mouse model.26 In astrocytic cancer, increased
expression of CHST 15 mRNA was correlated with poor patiënt prognosis.27 CHST 11,
which is primarily involved in the formation of CS-A, has also been correlated with
metastatic potential of tumor cells. Overexpression of CHST 11 was observed in breast
cancer samples compared to normal tissue and a positive correlation between the level
of CHST 11 expression and P-selectin binding to cells was observed suggesting the
CHST11 gene as a player in the production of P-selectin ligands.20
P53 mutation is correlated with gene instability and is observed in various types of cancer
including (type II) ovarian carcinoma. Among all different target genes of p53, CSPG2
(encoding versican) contains a putative p53 consensus binding site. It was shown that
p53 binds specifically to the human versican regulatory element and over-expression of
p53 showed a substantial induction of the versican gene.28 We speculate that various
sulfotransferases might be involved in the p53 downstream pathway, and that they may
be p53 target genes.

3.3 Tumor growth
All cancer cells share the same fundamental characteristic of uncontrolled growth, a
result of disturbed regulation of cell proliferation and apoptosis. Ovarian cancer typically
exhibits a very aggressive, rapidly growing nature, which causes patients to present
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with major tumor load throughout the abdomen. High proiiferative activity in ovarian
carcinoma has shown to associate with poor prognosis.29
Growth factor binding to CS in the ECM is an important mechanism regulating growth
factor availability, and thereby tumor growth. Similar to heparan sulfate, CS chains
specifically interact with “heparin”-binding growth factors.30 Most growth factors require
the presence of IdoA (DS-subunits) for binding, as was demonstrated by decreased
cell proliferation of various cell lines after exogenous treatment with dermatan sulfate.31
However, highly sulfated CS, especially rich in CS-E subunits, has shown to serve as
an important binding site as well. A large variety of growth factors bind to CS-E with
strong affinity, including; fibroblast growth factor (FGF)2, FGF10, FGF16, FGF18, heparin-binding epidermal growth factor-like growth factor (HBEGF), hepatocyte growth
factor (HGF), midkine (MDK), pleiotrophin (PTN), platelet derived growth factor (PDGF),
vascular endothelial growth factor (VEGF) and transforming growth factor (3 (TGF-p).
It was even shown that the binding affinity of CS-E for MDK, PTN and FGF18 (known as
heparin-binding growth factors), was stronger for CS-E than their affinity for heparin.32
Furthermore, a synergistic effect of CS availability and FGF2 presence were evident,
since a decrease in growth responsiveness to FGF2 was seen following chondroitinase
treatment.
Versican, a large CS proteoglycan, is ableto regulate tumor growth through binding
of various growth factors with its CS side chains. Overexpression of versican on cancer
cells (e.g. breast cancer) was associated with larger tumor masses in vivo 33, and
increased proliferation of SKOV-3 ovarian carcinoma cells and fibroblasts in vitro 14 34.
Overexpression of human cationic antimicrobial protein 18 (hCAP-18)/pro inflammatory
peptide (LL37) in the microenvironment of ovarian cancer cells contributes to increased
cell proliferation and cancer progression through direct stimulation of tumor cells.35
Overexpression of versican, as shown for various ovarian cancer cell lines increased the
release of LL-37 and hCAP18 by macrophages and multipotent mesenchymal stromal
cells.36,37
Decorin is a small proteoglycan which harbors only one glycosaminoglycan side
chain This side chain contains predominantly dermatan sulfate but can also hold CS.
Decorin with dermatan attached to its core exhibits antiproliferative properties. When
soluble decorin was added to the growth medium of SKOV-3 and MDAH2774 cells,
proliferation was inhibited.38 Decorin can block tumor growth by binding growth factor
TGF-p, thereby preventing it from interacting with its receptor complex. As a consequence, normal apoptosis can be restored.39 Binding of decorin to the epidermal
growth factor (EGF) receptor induces an upregulation of cell cycle inhibitor p21 which
in turn results in growth arrest of tumor cells.40 The binding of decorin to hepatocyte
growth factor receptor (Met) results in impaired cellular proliferation and cell survival.41
The glycosaminoglycan substitution of the decorin protein core changes during malignant transformation. In normal tissue, the ratio of chondroitin and dermatan sulfate side
chains associated with decorin is balanced, however, in tumor tissue CS becomes

the predominant side chain of decorin. This modification is reported for various carcinomas, inciuding ovarian cancer.42 Depending on the glycosaminoglycan substitution
of decorin, its functionality changes. Ovarian cancer patients suffering from advanced
disease show high expression of decorin gene (DCN) and increased expression of
decorin was associated with poor response to treatment and fast recurrence.43

3.4 Tumor angiogenesis
Angiogenesis, the formation of new blood vessels from existing vasculature, is crucial
for extensive tumor growth.44 Without sufficiënt delivery of oxygen and nutrients tumors
cannot grow beyond a critical size. Ovarian carcinomas typically present as large,
rapidly growing tumors which form large tumoral plaques in the abdomen. Several
effector molecules of the angiogenic process have been reported, the most important
being VEGF, FGF and PDGF.45 In ovarian cancer the expression of VEGF is increased in
primary tumor, ascites, and serum, and is associated with aggressive clinical behavior46
Tumor angiogenesis is at least partly depending on interaction with CS. Anti-CS anti
body GD3G7, which reacts especially with CS-E rich epitopes, identified both VEGFsensitive fenestrated and tumor blood vessels, which might implicate a role for CS-E
in VEGF biology.15 CS-A has also been linked to VEGF induced angiogenesis. Human
monocytic cell (THP-1) migration is normally accelerated by VEGF. However, when
CS-A was exogenously added THP-1 cell migration was inhibited, eventually slowing
down tumor angiogenesis and arresting tumor growth.47 Along with VEGF, PDGI- has
also shown to bind with CS-A. Exogenously added CS-A combined with PDGF showed
a positive synergistic effect on the growth of fibrosarcoma cells, in vitro. It was put
forward that this co-stimulatory effect of CS-A and PDGF was due to more efficient
signaling.48 Clearly, the effect of CS on the binding and signaling effect of growth factors
is complicated and likely dependent on the CS fine structure.
Versican is upregulated in the stromal compartment of various malignant tumors
and is also seen around (pathological) blood vessels.49 The versican G3 domain has
shown to stimulate the expression of fibronectin and VEGF, forming complexes with
both molecules. These complexes enhance angiogenesis by modulating endothelial
cell activity.50 The cleavage of versican splice variant V1 by several specific ADAMST
(a disintegrin and metalloproteinase domain with thrombospondin type-1 motifs)
metalloproteinases, has been proposed to play a role in angiogenesis through the
release of prc>angiogenic particles into the tumoral extracellular environment.51 By
contrast, decorin, which is also involved in the regulation of angiogenesis, blocks tumor
cell mediated angiogenesis by downregulating VEGF production, Met activity and downstream pro-angiogenic pathways.52 Numerous studies have described a stimulating
effect of various cleaving enzymes on pathological angiogenesis inciuding proteases,
heparinases, and hyaluronidases. However, data for chondroitinases remains scarce.

39

3-5.1 Detachment
Before ovarian carcinoma cells detach they undergo epithelial-to-mesenchymal transition (EMT), which is in part regulated by the tumoral micro-environment.53 This change
into a mesenchymal-like phenotype loosens the intercellular adhesions between
cancer cells and between cancer cells and the ECM, thus facilitating cell separation
and dissemination. An important characteristic of EMT in ovarian cancer cells is the
“cadherin-switch”, involving the loss of E-cadherin and an upregulation of N-cadherin.54
When tumor cells arrive at the metastatic site, the micro-environment provokes
mesenchymal-to-epithelial transition (MET), facilitating renewed cellular proliferation
and upregulation of E-cadherin.
Versican has already been linked to MET. In fibroblasts, the versican V1 splice variant,
which contains about half of the number of CS chains, has shown to influence the
cadherin-switch from N- to E-cadherin. Versican overexpression caused expression of
E-cadherin and thereby inactivation of N-cadherin, which was associated with dramatic
alterations in membrane and cytoskeleton architecture.55 CS has also been directly
linked to cadherin binding. In osteoblasts, highly sulfated CS-E promotes osteoblast
differentiation by binding to both N-cadherin and cadherin-11. This effect was not seen
for CS-A.56 The interaction between CS and N-cadherin suggests that the CS moiety
on versican is an important player in binding cadherins in addition to the protein core.

3.5.2 Adhesion
Dissemination throughout the peritoneal cavity is greatly influenced by cell surface
receptors that mediate the adhesion of ovarian cancer cells to the mesothelial lining
of the peritoneum. It was demonstrated by Mizomoto et al. that down-regulation of
CHST15, which produces the highly sulfated CS-E, resulted in reduced adhesiveness
of Lewis lung carcinoma cells to ECM molecules and suppression of its metastatic
capacity.26 Pretreatment of ovarian cancer cells with the CS cleaving enzyme chondroitinase ABC decreased cell adhesion to the ECM protein fibronectin, type IV collagen
and laminin and mesothelial cells.57
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3.5 Tumor dissemination
The high lethality of ovarian cancer is predominantly due to the advanced stage at time
of diagnosis. The mechanism of dissemination of ovarian cancer is unique because it
occurs mostly via intraperitoneal adhesion to the mesothelium and subsequent penetration of the sub-mesothelial matrix. Tumor cells are picked up by peritoneal fluid and
are ‘seeded’ on to the peritoneal surface. In addition, the invasive character of ovarian
cancer cells is limited, usually invading only the superficial layer of the peritoneum.
Common sites of intraperitoneal seeding of ovarian carcinoma include the pelvic cavity,
omentum, paracolic gutters, liver capsule, and diaphragm. The metastatic cascade
involves detachment, adhesion and migration/invasion, and encompasses various
interactions between tumor cells and components of the ECM.
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Ovarian cancer cell adhesion involves cadherins, but is also depending on integrin-dependent mechanisms. Dimerization of integrins by the appropriate ligands leads to
generation of intracellular signaling and to physical changes in cell shape. Integrins
bind directly to proteoglycans and their CS chains.58The observation that proteoglycan
binding sites are often expressed in close proximity to integrin binding domains suggests
that cellular recognition of the ECM involves receptor clustering of both integrins and
cell surface proteoglycans.59 Integrin receptor blockage could only partly inhibit ovarian
cancer cell adhesion to collagen type I and III60 indicating a possible involvement of
cell surface proteoglycans in adhesion. Antibody blockage of CD44 on SKOV-3 cells
demonstrated that this CS proteoglycan is partly responsible for mesothelial attachment, likely through binding of hyaluronic acid.61

3.5.3 Migration/invasion
Once attached to the metastatic site, ovarian cancer cells initiate the production of
glycosidases and proteases. Although the invasive potential of ovarian cancer cells into
the peritoneal surface is limited, the degradation of hostile host stroma is an important
step for tumor cell invasion. In addition, the small liberated peptides may attract
growth factors, further facilitating tumor progression. Metalloproteinases (MMPs) are
an important group of matrix degrading enzymes contributing to cancer progression.
MMP activation and regulation is influenced by the micro-environment including CS
and its proteoglycans. Moreover, the sulfation pattern is again of crucial importance.62
For example, CS-A is crucial in the formation of a three-molecule complex consisting of
CSPG4 (also known as melanoma-associated CSPG), membrane type 3 (MT3)-MMP
and pro-MMP2. This complex leads to the activation of MMP2 via MMP16, enhancing
tumor cell invasion.59 In addition to CS-A, CS-E is able to directly interact with various
pro-MMPs, including pro-MMP7 and pro-MMP14, thereby promoting their activation
and facilitating tumor cell metastasis.62 Membrane type 1 MMP (MT1-MMP/MMP14)
plays a central role in tumor invasion. CD44, a cell surface proteoglycan containing
CS chains, has shown to co-localize with MT1-MMP/MMP14. As a consequence, the
newly formed complex increases MMP2 and MMP9 activity resulting in increased tumor
cell invasion.63 Co-localization of CD44 with MT1-MMP/MMP14 facilitates cell migration
by positioning MT1-MMP at the migration front of the cell.64 In addition, CD44 can doek
MMP7 and MMP9 to the cell surface, attributing to cell adhesion properties.65
Tumor cells exhibiting aggressive metastatic properties such as Lewis lung carcinoma
cells have been characterized with marked upregulation of CS-E on the cell membrane
inducing metastasis.19 Pretreatment with chondroitinase ABC of the tumor cells inhibited metastasis and blockage of CS-E with the single chain antibody GD3G7 restricted
in vivo tumor cell dissemination.19 High expression of CS-E, seen immunohistochemically, surrounding primary ovarian tumor cells and in metastases could be involved in
ovarian cancer progression.15 Enzymatic degradation of CS by chondroitinase AC has
shown to inhibit melanoma cell proliferation and invasion.17 Conflicting data are avail-
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4. Clinical relevance of chondroitin
sulfate in ovarian cancer
Over the past decade, mortality rates for ovarian cancer have only been reduced by
4%.74 The poor outcome of ovarian cancer patients emphasizes the need to explore
new therapeutic strategies to improve (current) therapeutic efficacy. The underlying
functionality of increased CSs in the tumoral microenvironment is still not completely
understood. But our increased knowledge on the functional capacity of this dynamic
molecule shows great potential for cancer therapy (Figure 3).

4.1 Targeting chondroitin sulfate biosynthesis and degradation
The rapid metastasizing character of ovarian cancer is the primary reason for poor
patiënt outcome. One strategy to inhibit the effect of CS associate with the tumoral
stroma is degradation of CS(proteoglycans) by enzymes. The growth of Ehrlich ascites
tumors was inhibited after chondroitinase ABC treatment.67 Pre-incubation of Lewis
lung carcinoma cells with anti-CS-E antibody GD3G7 and pretreatment with chondroiti
nase ABC strongly reduced secondary tumor growth.19 Moreover, eliminating endogenous CS by exogenously injected chondroitinase ABC was associated with inhibition of
carcinogenic cellular activities including reduced proliferation, migration and invasion.17,75
Besides interference with already formed CS chains, inhibition of CS proteoglycan
biosynthesis may interfere with cancer progression, as demonstrated for the mela
noma associated chondroitin sulfate proteoglycan (CSPG4). Intratumoral injection of a
lentivirally encoded shRNA abrogated CSPG4 expression and function, thereby significantly affecting tumor cell proliferation and apoptosis, resulting in regression of primary
tumors.76,77 Using modified monosaccharides (e.g. deoxy sugars), the biosynthesis of
CS chains can also be blocked.78 Interference with CS (proteoglycans) before or after
its formation may be a feasible strategy to reduce the ovarian tumor cell growth and
metastasis.

4.2 Targeting the binding properties of chondroitin sulfate
Monoclonal antibody-based therapy against CS proteoglycans in cancer is mainly
focused on CSPG4 and versican.79,80 Cancer cells treated with CSPG4 specific antibodies showed diminished growth, adhesion and migration.77 After surgical removal

Chapter 2 | Sulfated sugars in the extracellular matrix orchestrate ovarian cancer development'When sweet turns sour’

able on the effect of enzymatic degradation of all available chondroitin and dermatan
sulfate by intra-tumoral injections of chondroitinase ABC. In melanoma, chondroitinase
ABC treatment resulted in the development of secondary tumors and increased lung
metastases.66 However, in solid Ehrlich ascites tumors, growth was restricted after
chondroitinase ABC injection.67 This suggests that targeting specific CSs, rather than
all of them, is key to a potential anti-tumor strategy.
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Besides therapeutic applications interfering with its expression, CS proteoglycans may
used as an a n ti-ca n n e r rirua. Decorin has sho w n an ti-tu m o ra l DroDerties in a
number of different types of cancer, including ovarian cancer. In a breast carcinoma
model, administration of decorin reduced primary tumor growth by 70% and eliminated
metastasis; in addition, adenovirus-mediated decorin delivery resulted in comparable
effects.83 Cancer cells transfected with decorin, showed that ectopic decorin expres
sion was able to reduce tumor outgrowth and angiogenesis.84 Combining carboplatin
and decorin showed inhibiting synergistic effects on ovarian cancer cell growth in vitro,38
Considering that platinum-based chemotherapy is still the leading strategy for ovarian
cancer patients, this finding suggests that it might be possible to lower the toxic dose
of carboplatin and additionally address a novel secondary pathway for therapy.
A very promising novel therapeutic approach for ovarian cancer is combining
currently used antitumor agents with agents targeting CS. Selective CS targeting
therapy may provide a more efficient and safe way to deliver anticancer drugs than
free anticancer agents. Cationic liposomes loaded with cisplatin bound to CS-E and
showed selective and cytotoxic activities against tumors expressing large amounts of
CS, in vivo.86These cationized liposomes were more potent in inhibiting liver metastases
than either free cisplatin or plain liposomes loaded with cisplatin. Genetic fusion of a
mAb specific for CSPG4 to TRAIL (Tumor Necrosis Factor Related Apoptosis Inducing
Ligand), an immune cytokine with pronounced pro-apoptotic activity towards malignant
cells, resulted in a bifunctional fusion protein designated anti-CSPG4:TRAIL.86 Treat
ment of malignant cells with anti-CSPG4:TRAIL resulted in a combined inhibition of
carcinogenic CSPG4-signaling (focal adhesion kinase) and concordant activation of
also be
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4.3 Application o f chondroitin sulfate as additional or direct therapy
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of the primary tumor, prolonged disease-free and overall survival was demonstrated in
cancer xenografts when treatment with anti-CSPG4 antibodies was continued.79
One of the best studied therapeutic targets in the tumor microenvironment is VEGF,
key player in tumor angiogenesis. Bevacizumab is a recombinant, humanized anti-VEGF
monoclonal antibody inhibiting neovascularization, and has been recently approved in
Europe as an additional treatment for ovarian cancer patients in a palliative setting. The
addition of bevacizumab to Standard chemotherapeutic regimens showed improved
progression free survival.81 lts inhibiting effect on neovascularization primarily resulted
in decreased tumor growth. In addition, patients showed a decrease in the amount
of malignant ascites.82 This ‘side-effect’ may contribute substantially to an improved
quality of life of end-stage ovarian cancer patients. The interaction of CS, specifically
CS-E, with VEGF and FGF implicates that CSs are attractive targets for inhibiting tumor
angiogenesis. Indeed histological evaluation of cancer xenografts treated with mono
clonal antibodies against CS proteoglycans, with chondroitinase ABC or with lentivirally
encoded CS proteoglycans shRNA showed a reduction of vascular density in the tumor
micro-environment.71' 77
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TRAIL-apoptotic signaling. Reduction of primary tumor size in cancer xenografts after
anti-CSPG4:TRAIL administration was superior to combined treatment with TRAIL ana
anti-CSPG4. It was demonstrated by Wang et al. that anti-CSPG4 antibody inhibited
lung metastasis and prolonged survival time in severe combined immunodeficient mice
injected with a human melanoma cell line.87 Combining an anti-CSPG4 antibody to a
cytotoxic agent may result in a tumor selective antidrug conjugate.
CS mimetics could also be used as anticancer agents. Such mimetics may compete
with native CS with respect to interactions with e.g. growth factors and other effector
molecules. Selectins and chemokines are sulfation dependent and oversulfated CS
chains bind these molecules with stronger affinity.12 For instance, CS isolated from
a sea cucumber, containing sulfated fucose branches (fucosylated CS (FucCS)), is a
potent inhibitor of P- and L-selectin-mediated interactions resulting in reduced tumor
cell-platelet association and reduced selectin-mediated lung metastasis in adenocarcinoma xenografts treated with FucCS.88
Chemically (carbodiimide) modified CS chains showed to have strikingly different anti
cancer activities compared with native CS chains. Modified CS reduced cell viability of
myelomaand breast cancer cells by inducing apoptosis/n vitro. In addition, tumor growth
was abolished when these glycans were directly injected into breast tumors growing
in mice.89
In the future, CS mimetics might be of beneficial value when added to conventional
therapy, either by having a synergistic effect on chemotherapy or as an additional way
to attack tumor tissue. Still, much effort is needed to unravel the exact mechanisms by
which CS (mimetics) may influence tumorigenesis.

5. Concluding remarks
For a long time the class of glycans (“sugars”) in the ECM has been neglected. Glycans
were considered bystanders in protein and nucleic acid dominated physiological and
pathophysiological processes. This especially applied for the class glycosaminoglycans,
long anionic polysaccharides, which were (and actually are) difficult to study in part due
to technical limitations associated with their analysis. However, the last two decades have
witnessed a number of studies showing the highly dynamic nature of these molecules, their
physiological relevance, and their intrinsic involvement in the process of tumorigenesis. CS
stands out as clear example of this.
Ovarian cancer is in definite need of novel avenues for diagnostic and therapeutic
targeting and glycosaminoglycans, especially CS, may provide new leads in this respect.
The qualitative and quantitative changes observed in these molecules provide novel handles
for innovative strategies for early diagnosis and ways to interfere in processes as tumor
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growth and metastasis. Indeed, initial attempts have been made to inhibit the tumorigenic
role of chondroitin(proteoglycans) including the use of (blocking) antibodies, CS mimetics,
degrading enzymes, and other specific targeting strategies. The coming decade will see
novel approaches to address tumor associated changes in CS. With the coming of age
of the field of glycobiology, new prospects appear on the horizons in which modulation of
glycans will contribute significantly to diagnostic and therapeutic strategies to fight ovarian
cancer.
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Ovarian cancer is the fifth leading cause of cancer death in women worldwide. Each
year this disease accounts for approximately 225,000 new patients and 140,000
deaths .1 Despite advances in cytoreductive surgery and modern chemotherapy, fiveyear survival rates are not improving. This high lethality is primarily due to the fact that
patients are diagnosed with advanced stage disease (FIGO lll-IV), when the tumour
is already widely spread .2,3 Unlike other tumours, haematogenous dissemination of
ovarian cancer cells is rare. Instead, ovarian carcinomas mainly disseminate via the
transcoelomic route. Tumour cells and cell aggregates (spheroids) are shed from the
primary tumour into the peritoneal space, where they preferably seed and attach to the
peritoneum and omentum .4,5
In order for ovarian cancer cells to establish metastatic depositions, they need to
aggregate and attach to the mesothelial lining. These initial steps in ovarian cancer
progression are still poorly understood 6 and only little is known about the molecules
involved in ovarian cancer cell adhesion .7 There is increasing evidence that molecules
in the extracellular matrix (ECM) play a crucial role in adhesiveness, and that the tumour
stroma is a key player in this respect. It has been indicated that tumour cells may even
bring their own soil, thereby providing a specific tumour niche and facilitating metas
tasis .8
The ECM is a highly organized three-dimensional structure which maintains tissue
integrity and is actively involved in many important physiological and pathological
processes e.g. the binding of growth factors and adapting mechanical properties.9
Tumour cells are known to interfere with the normal biosynthesis of the ECM and as
a consequence modify its biochemical composition .10 Proteoglycans and glycosami
noglycans are major constituents of the ECM and the cell membrane, mediating cellcell and cell-matrix interactions. Proteoglycans are a complex group of glycoproteins,
which contain a core protein with one or more covalently bound sulfated glycosaminoglycan chains. Based on the chemical backbone of glycosaminoglycans a number
of classes can be discerned inciuding dermatan sulfate (DS)/chondroitin sulfate (CS),
heparan sulfate (HS)/heparin and keratan sulfate (KS). Hyaluronan (HA) is a special
class of glycosaminoglycans not bound to a protein core. Normal ovary contains large
amounts of DS 11'12, however, during ovarian carcinogenesis the predominant glycosaminoglycan reverts to CS13, a phenomenon seen in various types of cancer.14'15 Within
the class of CS a large heterogeneity exists due to the presence of differently sulfated
disaccharide units inciuding CSA (4-sulfated), CSC (6-sulfated), CSD (2,6-disulfated)
and CSE (4,6-disulfated). In cancerous tissue alterations in the sulfation level and type
of the disaccharide units have been observed .16'21
Using an antibody recognizing a motif that is rich in CSE units (GD3G7), we recently
showed strong upregulation of CSE in primary ovarian carcinomas which correlated
with poor prognostic parameters such as high grade, and advanced FIGO stage .19
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Interference with CSE, either by blockage using GD3G7 or by enzymatic degradation
of CS chains, strongly inhibited metastatic growth in a mouse Lewis lung carcinoma
model.22 In addition, murine osteosarcoma cells containing high levels of CSE formed
more metastatic liver tumour nodules compared to cells with lower levels, an effect that
could be inhibited by preincubation of cells with the GD3G7 antibody or by preadministration with CS rich in CSE units .23
The final step in the biosynthesis of the CSE subunit depends on the enzyme
A/-acetyl galactosamine 4-sulfate 6 -O-sulfotransferase (GalNAc4S-6ST), which forms
CSE by transferring an additional sulfate group to CSA.24An increase of GalNAc4S-6ST
mRNA has been observed in patients with colorectal and astrocytic tumours .25'26
In astrocytic tumours elevated levels of GalNAc4S-6ST mRNA correlated with poor
patiënt outcome. Down regulation of the expression of GalNAc4S-6ST in a Lewis lung
carcinoma cell line resulted in reduced adhesiveness of cells to ECM molecules and
suppression of metastatic lung carcinoma .27
In this study, we first examined CSE expression in primary ovarian carcinomas and
ovarian metastasis in the peritoneal cavity. We then addressed the mechanistic role
of CSE, a.o. by establishing SKOV3 cell lines stably transfected with DNA encoding
GalNAc4S-6ST and studying adhesiveness and cell migration using 2D and 3D model
systems.

.

2 Materials and Methods
2.1 Human tumour tissue and cell lines
Paraffin embedded tumour material from 25 ovarian cancer patients (serous subtype)
was obtained from the archives of the Department of Pathology at Radboud University
Medical Centre. From all patients we collected representative tumour slides including
primary carcinoma and abdominal metastases (omental and peritoneal tumour depositions). All slides were reviewed by an experienced gyneco-pathologist (JB) using H&E
sections. The age at diagnosis, CA125 level at diagnosis, menopausal status, FIGO
stage28, tumour grade29 and primary debulking result (defined as complete or incom
plete) were recorded (Table 1).
The human ovarian cancer SKOV3 cell line was generously provided by Dr. L.G. Poels
(Radboud University Medical Center). Originally this SKOV3 cell line was obtained from
the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured and
maintained in Dulbecco's modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) (Life Technologies Paisley, UK) and penicillin/streptomycin (100
U/ml). Cells were incubated in a humidified atmosphere containing 5% C 0 2 at 37 °C.
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General patiënt characteristics
Panel (n-25)
Age (median, range)

57 (23-84)

CA125 at diagnosis (median, range)

433.9(53.9-8203.0)

Menopausal status
______ Pre-___________________________________
Pro-

9
16

FIGO
I
____ II

|

2

III

20

IV

2

Unkown

1

Grade
I

-

II

2

Hl

23

Primarcy cytroreductive surgery
Complete__________________________

0

Inclomplete

14

Not reported

2

2.2 Immunohistochemistry
Five |jm paraffin sections were immunohisiochemically analysed according to the
ABC-method as described previously.19 In brief, sections were de-paraffinised in xylene,
hydrated with graded ethanol and blocked for endogenous peroxidase activity. After
rinsing in phosphate-buffered saline (PBS) containing 0.1 % Tween-20 (PBS-T), sections
were incubated in 0.1 M citrate buffer (pH 5.8) and blocked with 2% bovine serum
albumin (BSA, fraction V, Sigma-Aldrich) in PBS-T. Next, sections were incubated
successively with primary anti-CS antibodies, secondary mouse anti-VSV antibody
P5D4, and tertiary biotinylated horse-anti-mouse IgG (Vector Laboratories Inc.). After
incubation with ABC-reagents (Vectastain ABC anti-mouse-lgG kit, Vector Laboratories
Inc.), bound antibodies were detected using 3-amino-9-ethylcarbazole (AEC). Sections
were counterstained with haematoxyiin and mounted with Kaiser’s glycerol gelatin
(Merck, Darmstadt, Germany). Different single chain CS-antibodies were applied,
including I03H10 (overall staining for CS),30 GD3A12 (staining for dermatan sulfate),11
and GD3G7 (staining for 4,6-disulfated CS (CSE)).31
For immunofluorescence of SKOV3 cell lines, cells were plated on 10-wells glass
slides (Nutacon, Portsmouth, NH) and grown to confluency. Cells were washed with
PBS and fixed with 100% ice cold methanol. After blocking with PBS-T and 1%
BSA, sections were incubated with primary antibody for 60 min. Bound antibodies
were detected by secondary anti-VSV tag mouse antibody P5D4 and visualized by a
tertiary antibody step including goat antimouse IgG Alexa Fluor 488 (Invitrogen, Paisley,
Scotland), Finally, cryosections were fixed in 100% ethanol, air-dried and mounted in
mowiol-488 (Calbiochem, La Jolla, CA).
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2.3 Generation of stably transfected SKOV-3 cell lines with DNA
encoding for GalNAc4S-6ST
pFLAG-CMV2-hGalNAc4S-6ST, generously provided by Prof. Osami Habuchi, (Kariya,
Japan), pBluescript SK II (Stratagene, La Jolla, USA) and pIRES-EGFP (Invitrogen,
Paisley, Scotland) were used to construct the plRES2-EGFP-GalNAc4S-6ST plasmid.
An intermediate step was incorporated in the cloning procedure to generate compatible
restriction sites (Supl 1). Restriction enzymes EcoRI, Hindlll and Xhol were purchased
from New England Biolabs, Beverly, MA. Transfection of the SKOV3 was performed
using Lipofectamine™ 2000 (Invitrogen, San Diego, CA) according to the manufacturer’s protocol. Geneticine G418 (Invitrogen, San Diego, CA) resistant cell clones were
isolated and expanded for further characterization. For comparative purposes we
selected two clones (C5 and C 6) containing an empty vector (plRES2-EGFP(-)) and
three clones (F5, F7 and F9) with full vector (plRES2-EGFP-GalNAc4S-6ST).
To establish the incorporation of the plRES2-EGFP-GalNAc4S-6ST into genomic
DNA, total genomic DNA was isolated from SKOV3 cells using a Qiagen AllPrep DNA/
RNA micro kit (Qiagen GmbH, Hilden, Germany) according to manufacturer’s specifications. The concentration of DNA was determined using a Nanodrop 2000c spectrophotometer (NanoDrop products, Wilmington, DE, USA). Primer sets covering exon-exon
boundaries were designed using Primer 3[32] based on the reference sequence obtained
from the UCSC human genome browser (http://genome.ucsc.edu/), assembly February
2009 (GRCh37/hg19). Two primer sets for human GalNAc4S-6ST and 1 for the housekeeping gene human acidic ribosomal phosphoprotein P0 (RPLP0) were used (Biolegio
(Nijmegen, The Netherlands). The primer sequences were as follow: hGalNAc4S-6ST,
5 ’-GACGCAGGACTTCATCCAC-‘3 (forward),
(forward),

5 ’-AGCAACAGTTTCTCATTCTTCG-‘3

5’GCGGATTTATTCGAACTTGC-‘3 (reverse) and 5’-ATCAAAGCCTCCT-

GCTTCTC-‘3 (reverse), and for RPLP0, 5’-CACCATTGAAATCCTGAGTGATGT-‘3
(forward) and 5 ’-TGACCAGCCCAAAGGAGAAG-’3 (reverse). Real-Time quantitative
polymerase chain reaction (QPCR) was carried out with 5 ng DNA, using CFX Real Time
PCR detection system and Bio-Rad CFX manager software version 1 .6 for quantification with Sybr Green and melting curve analysis (Bio-Rad Laboratories, Inc., Hercules,
CA). Amplifications were performed starting with a 10 min template denaturation step
at 95°C, followed by 40 cycles of denaturation at 95°C for 15 s and combined primer
annealing/extension at 60°C for 60 s.

2.4- Reverse phase-high performance liquid chromatography
(RP-HPLC) disaccharide analysis
Cells were plated in T175 flasks, grown to 80-90% confluency and detached using
ethylenediaminetetraacetic acid (EDTA) and a police man scraper to harvest extra
cellular matrix components. The preparation was incubated with chondroitinase-ABC
(Sigma Aldrich, St. Louis, USA) in digestion buffer (250 mM Tris, 20 mM MgAc2, pH
8,0) at a final concentration of 1IU/ml (37°C, 24h). Samples were vacuum dried and
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Finally, 50% (v/v) dimethyl sulfoxide was added and the samples were stored at -800C.
The final disaccharide composition of CS was evaluated by quantitative analysis of the
AMAC labeled digests using RP-HPLC. A gradiënt elution was performed using a binary
solvent system as described by Ambrosius et al.33 Equilibration of the Waters X-Bridge
Shield column (100 x 4.6 mm ID) took place with 98% 60 mM ammonium acetate
(NH4AC), pH 5.6 and 2% acetonitril for 7 min. After injection of the samples the following
program was used: 1 min at equilibration condition, a linear gradiënt step to 4% aceto
nitril in two min, a separation gradiënt step to 15 % acetonitril in 23 min, a washing step
in 1 min to 60% acetonitril followed by another 5 min at 60% and returning to equilibra
tion conditions in 1 min. Flow rate was 1.5 ml/min and monitoring was performed with
a fluorescence detector (A0X442 nm, Aem520 nm).

2.5 2D scratch assay
For 2D-migration analysis a scratch assay was applied. Transfected and not-transfected
SKOV3 cells were detached by EDTA, resuspended in DMEM medium containing 10%
FCS and plated onto 12-well plates (5x10 4 per well). Cells were grown to confluency
and subsequently starved in a serum free DMEM medium for 24hrs. After starvation,
one artificial gap (scratch) was made using a sterile plastic 10 jjl micropipette tip. Next,
tissue culture medium was removed and cells were washed in sterile PBS to eliminate
detached cells and debris. Experiments were performed by incubating the cells with
normal medium or normal medium supplemented with CSE (Seikagaku, Tokyo, Japan)
(50 and 100 Mg/ml). Cell migration was monitored taking digital photographs at different
time-points with a phase contrast microscope. All experiments were performed three
or more times.

2.6 Spheroid formation, the 'hanging'- drop method
In accordance with the predominant metastatic pattern of ovarian carcinomas in
the abdomen, we studied SKOV3 cell behavior not only as single cells but also as
tumour cell aggregates (spheroids). Multicellular spheroids are thought to represent
an important way for tumour dissemination in ovarian cancer. In addition, compact
spheroid formation provides a protective shield for tumour cells. For that purpose, cells
from subconfluent cultures were detached with 2 mM EDTA and multicellular spheroids
were generated using the hanging-drop method .34 In brief, cells were resuspended in
DMEM growth medium supplemented with 10% methylcellulose to a final cell concentration of ±4x10 4 cells/ml and incubated in hanging droplets (25 pl) overnight. After cell
aggregation, spheroids were washed in phosphate buffered saline (PBS) and used for
migration assays. To further study the adhesive properties of CS wildtype SKOV3 cells
in hanging drops were digested with specific glycosaminoglycan degrading enzymes
including chondroitinase ABC (Sigma Aldrich, St. Louis, USA), chondroitinase B and
chondroitinase AC (IBEX Technologies, Montreal, Canada).
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reconstituted with 0.1 M aminoacridone (AMAC) solution in glacial acetic acid/DMSO
(3:17, v/v). 1 M NaCNBH3 was added and the samples were incubated for 6 h at 450C.

64

Figure 1.

Strong staining for CSE in tumours.
Sections of paraffin embedded primary serous ovarian carcinoma were stained for CS, DS and
CSE using antibodies I03H10, GD3A12 and GD3G7, respectively. A) Haematoxylin-Eosin staining
showing tumourous versus non-tumourous regions.
Non-tumourous regions are indioated with an asterix (*). B-E) Overall staining for CS (B: antibody
I03H10), DS (C:antibody GD3A12) and CSE (D, E antibody GD3G7). Note overall staining for CS
and DS, but strong CSE staining in intratumoural stroma, inoluding small tumour capillaries (E,
arrows). Also note mild staining of large blood vessels in non-tumourous areas (E) Staining for CSE
indioated a gradiënt of CSE at the boundary of tumour and non-tumourous tissue (**). Bar: 100 pm
For full color pictures see chapter 10.
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Strong staining for CSE in transcoelomic, ovarian metastasis (antibody GD3G7).
A) Primary tumour, B) contralateral ovary, C) omentum, D) Douglas' pouch all displayed strong
staining for CSE. Note the staining at sites where the mesothelial lining and its underiying.
For full color pictures see chapter 10.

2.7 Spheroid ceLL migration in 3-D collagen matrices
Spheroids (±1x103 cells) prepared from different SKOV3 clones were incorporated
into 3D collagen matrices as described before.35'36 In brief, SKOV3 spheroids were
suspended in a solution containing 1.6 mg/ml bovine collagen type I (Inamed Biomaterials, Fremond, CA), 7% minimal essential medium and 3% bicarbonate in DMEM.
The mix was gently transferred into a 6 well plate and allowed to polymerize for 20-30
minutes in an incubator at 37°C with 5% C 0 2. After polymerization the freshly prepared
gels were covered with DMEM medium.
To study the influence of CSE on tumour cell migration, a protocol for CS decoration of the fibrillar type I collagen was developed. For this, an intermediate step was
incorporated in which CSE (final concentration either 50 or 100 ug/ml) was added to
the MEM bicarbonate suspension prior to collagen addition ((Supl 2A). Inclusion of
this step resulted in collagen fibrils associated with (FITC-labeled) CSE (AMS biotechnology, Abington UK), as demonstrated with confocal microscopy (Supl 2B). To our
knowledge, this is the first time a complex re-assembled meshwork of collagen fibrils
homogeneously decorated with a negatively charged glycosaminoglycans is visualized.
SKOV3 cell migration was microscopically recorded with an inverted microscope (Leitz
Fluovert, Cologne, Germany) at 37°C and photographs were taken at time points 0, 12
and 24 hrs. All experiments were performed three or more times.
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Cell viability was checked for single cells contained in DMEM supplemented with 50 or
100 Mg/ml CSE using WST-1 analysis and cell counting based on nigrosin staining. Both
CSE concentrations did not significantly affect cell viability (data not shown).

3. Results
3.1 Chondroitin sulfate expression in primary and secondary
ovarian tumours.
The clinical characteristics of the patiënt panel are summarized in table 1 Median age
at the time of diagnosis was 57 (range 23-84) and the majority of women was postmenopausal. Our study panel consisted solely of patients suffering from high grade
(ll-lll), serous ovarian carcinomas.
CS and DS are present throughout both the tumoural and non-tumoural stroma.
This was demonstrated using antibodies I03H10 (overall CS staining) and GD3A12
(overall DS staining) (Figure 1B and C).11'30 We also applied antibody GD3G7 which
defines a specific epitope harboring contiguous 4,6 disulfated (CSE) disaccharide
units, a rare CS modification. In accordance with our previous studies,19,31 GD3G7
expression in ovarian carcinomas was predominantly seen in the intratumoural stroma,
the basement membrane zone underlying tumour cells, and the region surrounding
(pathological) blood vessels. A CSE gradiënt was seen at places where tumour tissue is
adjacent to non-tumourous tissue (Figure 1D and E). In general, primary ovarian tumours
and abdominal secondary tumours showed a similar staining pattern. Both intensity
and extent of CSE staining were comparable. In Figure 2 GD3G7 epitope expression
is shown for a primary tumour (Figure 2A), and three secondary metastatic tumour
depositions, one on the contralateral ovary (Figure 2B), one in the omentum (Figure 2C)
and one in the Douglas pouch' (Figure 2D). All metastatic localizations were strongly
positive for the GD3G7 epitope. Again, GD3G7 expression was predominantly present
in the intratumoural stroma, the stroma directly surrounding tumour depositions, and
small (tumour) blood vessels. When the mesothelial lining and its underlying basement
membrane were associated with tumour cells, an evident strong staining with GD3G7
was seen (arrow Figure 2B).

3.2 Expression of chondroitin sulfate-E by SKOV3 cells transfected
with DNA encoding GalNAc4S-6STGalNAc4S-6ST
To study the effect of CSE on tumour cell behavior we transfected cells with DNA
encoding GalNAc4S-6ST, the enzyme involved in the biosynthesis of 4,6-disulfated
disaccharides. We selected three stably transfected clones with the vector containing
GalNAc4S-6ST and two clones containing an empty vector. These cell lines and wildtype SKOV3 cells were analysed for the presence of CSE using antibody GD3G7 and
by disaccharide analysis of CS.
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vector showed weak to moderate (peri)cellular staining with antibody GD3G7 (Figure
3A-C), whereas cells transfected with the DNA encoding GalNAc4S-6ST showed more
abundant staining, inciuding areas of very strong staining intensity (Figure 3D-F).
To analyse the disaccharide composition of CS we applied RP-HPLC with AMAC
labelling. This technique allows separation and quantification of 8 different CS disaccharides based on their degree of sulfation. Overall, SKOV3 wildtype and empty
vector clones were comparable for their CS disaccharide composition, inciuding the
CSE (4,6-di sulfated disaccharide) unit. When the CS disaccharide composition of full
vector cell lines was compared with the control cell lines, CSE content was significantly
elevated (p-value = 0.026) (Figure 4), which was in line with the increased staining by
GD3G7 (Figure 3). In addition, there was a tendency (p = 0.081), for a decrease in CSA
disaccharide units (4S), which is the substrate of GalNAc4S-6ST.

3.3 Chondroitin sulfate (E) provides adhesive properties
Strong adhesive properties are an important survival tooi of tumours. To investigate
the role of CS in this respect, we prepared spheroids, cell aggregates often associated
with tumour metastasis. Wildtype SKOV3 cells in hanging drops were digested with
specific glycosaminoglycan degrading enzymes inciuding chondroitinase ABC (cleaves
both CS and DS), chondroitinase B (cleaves DS) and chondroitinase AC (cleaves CS).
When either of chondroitinase ABC or AC was added, spheroid formation was inhibited
for approximately 48 hours (Figure 5A). After 48 hours this effect disappeared, likely
because of reduced enzyme activity. By contrast, chondroitinase B did not influence
cell aggregation. Indicating that spheroid formation is CS but not DS dependent. To
study the specific effect of CSE on spheroid formation, spheroids prepared from cells
overexpressing CSE were evaluated. In comparison with to spheroids prepared from
wild type cells or empty vector cells, CSE overexpressing spheroids displayed a more
roundish appearance and showed a more smooth surface (Figure 5B), suggesting a
more firm attraction of cells.

3.4 Chondroitin sulfate E reduces cell migration
Since cell migration is an intermediate step in the metastatic process of ovarian cancer,
the role of CSE was examined in 2D and 3D migration assays. We studied the migrative
properties of wildtype and transfected SKOV3 cells in a 2D system using a scratch
assay. Both wildtype SKOV3 cells and SKOV3 cells containing the empty vector closed
the artificial wound within 24 hours. SKOV3 cells overexpressing CSE did not (Figure
6A). These cells closed the gap approximately 12 to 24 hours later. An inhibitory effect
on migration was also seen when CSE was supplemented to the culture medium of
wildtype SKOV3 cells (Figure 6B).
To study the effect of CSE on cell migration in 3D systems, spheroids were prepared
from wildtype and transfected SKOV3 cells and embedded in a collagenous matrix.
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Using confluent cells, the wildtype SKOV3 cells as well the cells containing the empty
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Increase o f staining for CSE in SKOV3 cells transfected w ith GalNAc4S-6ST (antibody GD3G7).
SKOV3 wildtype (A) and transfection control (empty vector) SKOV3(-) cells (C5 (B) and C 6 (C))
showed weak (peri)cellular expression of CSE, whereas SKOV3 cells transfected with DNA
encoding GalNAc4S-6ST (F5(D), F7(E), F9(F)) showed strong expression for CSE expression,
especially in more dense regions. Bar: 100 pm. For full color pictures see chapter 10.
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Figure 4.

Reversed phase high performance liquid chromatography (RP-HPLC) for CS disaccharides
Chondroitin sulfate disacoharide composition of wild type, cells transfected with an empty vector
(C5, C 6 ), and cells transfected with a vector containing GalNAc4S-6ST (F5, F7, F9). Significantly
higher CSE disaccharide content (*) was found in cells transfected with GalNAc4S-6ST (one-way
ANOVA; level of significance p< 0.05).
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Chondroitinase A B C

Chondroitinase A C

Chondroitinase B

Spheroid formation by SKOV3 cells depends on chondroitin sulfate.
A) Spheroid formation (tumour cell aggregation) was inhibited by enzymatic digestion using either
of chondroitinase-ABC or -A C but not by chondroitinase B. Bar: 200 pm B) Spheroids formed
by wild type SKOV3 cells and cells transfected with GalNAc4S-6ST and empty vector. Note the
smooth and roundish appearance of GalNAc4S-6ST transfected cells. Bar: 100 |jm
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CSE inhibits artificial wound closure in 2D scratch assays.
A) Wildtype SKOV3 cells and cell transfected with empty vector closed the artificial wound within 24
hours, whereas celis transfected with GalNAc4S-6ST cells did not. B) Addition of CSE to wildtype
SKOV3 cells inhibited cell migration, showing limited gap-closure after 24 hours. Bar: 200 pm

Wildtype SKOV3 cells migrated out of the spheroid primarily as single cells and sometimes following collective strand formation. The same was seen for spheroids prepared
from SKOV3 cells harboring an empty vector. However, SKOV3 cells overexpressing
CSE were hardly able to migrate out of the spheroid, nor as single cells, nor as collective
strands (Figure 7A). In an alternative approach, we prepared collagenous matrices in
the presence of CSE, resulting in collagen fibrils associated with CSE. In such matrices
wildtype SKOV3 cells showed very restricted cell migration (Figure 7B), further indicating the cell migrative inhibiting effect of CSE.

4. Discussion
High lethality in ovarian cancer is primarily due to rapid metastasis of the tumour. In this
study we observed manifest presence of CSE, a CS harbouring 4,6-disulfated disaccharides, in both primary and metastatic ovarian tumours, and we propose a functional
role for CSE in tumour cell adhesion in ovarian cancer spheroids.
CS likely possesses a number of roles in the micro-environment of (tumour) cells
and upregulation of highly sulfated CS (such as CSE) has been described for various
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CSE inhibits SKOV3 cell migration out o f spheroids in 3D collagen matrices.
A) Wildtype and cells transfected with an empty vector (-) showed cell migration out of spheroids,
whereas migration of cells transfected with GalNAc4S-6STwas almost absent. B) Strong restriction
of migration of wildtype SKOV3 cells out of spheroids in CSE decorated collagen matrices. Bar:
200 |jm
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S l. Cloning strategy to obtain GalNAc4S-65T containing plRES2-EGFP plasmid.
A) pFLAG-CMV2-hGalNAc4S-6ST plasmid was double digested with restriction enzymes EcoRI and Hindiil to
obtain the GaiNAc4S-6ST insert. The pBluescript SK II (-) vector was double digested with restriction enzymes
EcoRI and Hindlll, and the GalNAc4S-6ST insert was ligated vector, generating an intermediate vector. B) The
intermediate vector and the plRES2-EGFP plasmid were double digested with restriction enzymes EcoRI and
IXhol, and GalNAc4S-STt ligated into the plRES2-EGFP plasmid.

tumours. Through the binding of glycosaminoglycans with effector molecules such
as cytokines, chemokines, and growth factors,37 chondroitin sulfates (especially CSE)
are able to regulate many cellular mechanisms in both physiological and pathological
conditions, including proliferation and angiogenesis. The metastatic cascade involves
detachment, adhesion and migration/invasion, and encompasses various interactions
between tumour cells and components of the ECM.38
Ovarian cancer dissemination predominantly occurs via intra-abdominal spread of
the tumour. Exfoliated tumour cells are carried via peritoneal fluid or ascites to secondary
sites in the abdominal cavity.[39] Spheroid formation may represent an important inter
mediate survival mechanism facilitating ovarian cancer dissemination. Compact forma
tion of spheroids by ovarian cancer cells has been associated with more aggressive
and invasive characteristics.4041 In addition, decreased penetrance of immune cells
and therapeutics provides spheroids with an important advantage for survival.[42] In
this study, we found that CS has a role in spheroid formation, and overexpression of
CSE disaccharide units improves the adhesive properties of tumour cells. Our results
are in line with the finding that down-regulating of GalNAc4S-6ST in Lewis lung carci
noma cells reduced adhesion and restricted the formation of novel tumor noduli.27
Like lung cancer, the majority of malignant tumours spread through hematogenous or
lymphogenous pathways, and upregulation of CSE may play a role. Blood born meta
static tumour cells with adhesive properties are more likely to develop tumour noduli
at secondary sites. In addition, the formation of a physical barrier (pericellular matrix
containing CSE) may provide a protective environment against the immune system and
chemotherapy.
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additional step for administration of the chondroitin sulfate E (CSE, 1mg/ml) into the minimum essential medium
(MEM) / bicarbonate (BIC) solution before adding the bovine type I collagen. SKOV3 spheroids in DMEM
medium were transfered into the collagen l/chondroitin sulfate E solution reaching a final concentration of
collagen-spheroid suspension of 1.67 mg/ml. The suspension was quickly pre-polymerized for 5 minutes at
37<’C, 5% CO2 and eventually allowed to polymerize at 37°C for 20-30 min (5% C02) in a self-constructed cell
migration chamber [54], The type I collagen-chondroitin sulfate matrices were analyzed by using an Olympus
FV1000 confocal laser scanning microscope excitation at 488 nm and emission detection of 520/50 nm (for
FITC-labeled chondroitin sulfate) and confocal reflection contrast was used for detection of collagen fibers. For
that, laser light (633nm) at a low intensity was introduced into the sample. B) Confocal microscopy showing
matrix decoration with chondroitin sulfate E (CSE). Upper row; non-decorated type I bovine collagen matrix.
Left: Collagen reflection (white), middle: Background (green (FITC) channel), right: Overlay of reflection and back
ground signal. Lower row; CSE-decorated bovine collagen I matrix. Left: Collagen reflection, middle: CSE-FITC
(green (FITC) channel), right: Overlay of reflection and CSE signal. For full color pictures see chapter 10.

In vivo, CSE expression is predominantiy seen in the stromal compartment of both
primary ovarian carcinomas and metastasis. The stromal compartment is actively
involved in tumour progression and metastasis. The presence of large intratumoural
stroma areas has been correlated with poor prognosis in ovarian cancer patients.43
Tumour cells create a tumour-facilitating micro-environment by altering the pre-existent
stroma. In addition, tumour cells create ECM during spheroid formation.44 CS, as part of
the tumour micro-environment, accumulates in the stromal compartment of many solid
tumours, inciuding ovarian carcinoma.13'45 The “seed and soil” hypothesis proposes
that an appropriate host micro-environment (the soil) is needed for the optimal growth
and spread of tumour cells (the seed).46 Recently, it was suggested that tumour cells
might bring their own soil.8 For this matter, spheroids may provide the ideal vehicle to
bring soil (metastatic niche) to a secondary tumour site. This metastatic niche includes
ECM components, growth factors and activated fibroblasts (CAFs), all active facilitators
for tumour growth and metastasis formation.8 Identifying adhesion molecules that are
responsible for adherence (such as CSE) between cancer cells, stroma and CAFs may
provide new targets for anti-metastasis therapy.
Strong CSE expression was observed at the “invasion front” of metastatic lesions
(Figure 2). The upregulation of CSE at the secondary site may be a tumour cell induced
modification of host cell ECM in such a way that it presents the appropriate soil for
tumour growth and angiogenesis. The binding properties of CSE for a large variety of
tumour associated growth factors such as FGF2 and VEGF, but also important adhesion
molecules inciuding A/-cadherin and E-cadherin may be instrumental in this regard.47'48
In addition, CSE may be one of the adhesion molecules involved in the adherence
between cancer cells and stroma. It was shown that pretreatment of ovarian cancer
cells with the chondroitin sulfate cleaving enzyme chondroitinase ABC decreased cell
adhesion to the ECM proteins fibronectin, type IV collagen and laminin, and mesothelial
cells.49,50
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culturing o f SKOV3 spheroids fo r cell m igration studies.
A) The spheroids were embedded into a matrix of type I collagen as described previously [54], but with an

Although tumour cells are the prime targets of cytostatic therapy, the tumour stroma
has been suggested as an attractive target for cancer treatment as well. CSE, which
is accumulated in tumour stroma, could be a specific target in this respect. Blockage,
inhibition or enzymatic degradation of CSE could interfere with tumour cell aggregation,
growth factor binding, and metastasis. Enzymatic degradation of CS by chondroitinase AC has been shown to inhibit melanoma proliferation and invasion.51 However,
conflicting data are available to the effect of enzymatic degradation of all chondroitin
and dermatan sulfate by intra-tumoral injections of chondroitinase ABC. For instance,
enzymatic degradation of all CS/DS by intra-tumoural injections of chondroitinase ABC
results in the development of secondary tumours and increased lung metastases.52; in
solid Ehrlich ascites tumors, however, growth was restricted after chondroitinase ABC
injection.53 This suggests that targeting specific chondroitin sulfates, rather than all of
them, is key to a potential anti-tumour strategy.
The data presented here indicate that a specific 4,6-disulfated CS motif (CSE) is associated with metastatic lesions and that this structural motif provides tumours with adhe
sive properties. If specifically addressed, the CS motif may be a potential target for
ovarian cancer therapy.
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Glycosaminoglycans (GAGs) are long, anionic polysaccharides involved in many basic
aspects of mammalian physiology and pathology. Here we describe a method to extract
GAGs from formalin-fixed, paraffin-embedded (FFPE) tissues and found that they are
structurally comparable to GAGs extracted from frozen tissues. We employed this
method to structurally characterize GAGs in tissues, inciuding laser-dissected layers of
skin and pathological specimens. This method enables the use of the archival paraffinembedded materia! for detailed (structural) analysis of GAGs.
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Archiving of clinical tissue samples is generally done by formalin fixation and paraffin wax
embedment. Formalin-fixed, paraffin-embedded (FFPE) tissues are valuable samples,
typically generated from human specimens, and are used for (patho)histological examination. It has been estimated that worldwide over a billion samples have been stored
(Blow 2007). As this material is generally readily available, and patiënt related data of
many years is usually known, the ability to use this archival material is of great advantage in clinical and molecular research. Much attention has been given to the extraction
of DNA and RNA from human FFPE tissues, and this has offered tremendous experimental opportunities, including microarray analysis (Budczies et al. 2011). Little atten
tion has been given to the extraction of (poly-)saccharides, let alone the highly heterogeneous, polyanionic glycosaminoglycans. It has been reported that N-linked protein
glycosylation remains preserved in FFPE tissues (Tian et al. 2009). Here, we report a
method to extract intact glycosaminoglycans (GAGs) from FFPE material. GAGs are
long (up to 100-150 disaccharides), linear and highly negatively charged polysaccharides, and are generally attached to a protein core, forming proteoglycans. They are
located at the cell surface and in the extracellular matrix. Based on their disaccharide
composition, different family members are distinguished, which include heparan sulfate
(HS)/heparin and chondroitin/dermatan sulfate (CS/DS) (Esko and Selleck 2002). GAGs
are highly variable molecules due to variable degrees of polymerization, epimerization,
and sulfation at different positions (see Supplementary Figure 1). They are potentially
highly information-dense molecules and recent evidence suggests the presence of
defined monosaccharide sequences (Ly et al. 2011). Domain structures within GAGs
are crucial for their interaction with a large variety of proteins, including growth factors
and regulatory molecules, and these interactions facilitate specific activities in mammalian physiology (Bishop et al. 2007). GAGs and proteoglycans have been implicated in
various pathological processes, e.g. amyloid diseases, inflammation and infection, and
cancer biology (Lindahl and Li 2009). Both qualitative changes (different modification
patterns) and quantitative changes have been described.
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Extraction, isolation and structural analysis of glycosaminoglycans (GAGs) from FFPE tissues.
(a) Schematic workflow. (b) Compositional analysis by agarose gel electrophoresis (50 ng of GAGs
was applied). M: markers, (c) Size analysis of GAG chains by polyacrylamide gel electrophoresis
(300 ng of GAGs was applied). Std: Standard (HS from bovine kidney).
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To determine the feasibility of GAG extraction/isolation from FFPE tissues we used rat

embedded tissues were deparaffinated before the start of the procedure (Figure 1a).
The procedure comprised papain digestion (at 650 C, a temperature at which paraffin
melts), trichloroacetic acid precipitation, anion exchange chromatography and methanol
precipitation. Paraffinated, deparaffinated and frozen tissues were compared. Applying
agarose gel electrophoresis, which separates the GAGs into the main classes of chon
droitin, dermatan, and heparan sulfate (CS/DS/HS), we found that different types of
GAGs could indeed be extracted and isolated from FFPE tissues (Figure 1b). Skin
contained an abundance of DS and a smaller amount of HS, whereas Iiver contained
about equal amounts of both. This proportion was similar for samples from FFPE tissues
compared to frozen tissues. As the size of the GAG chains could be compromised, as
is seen with RNA isolated from FFPE tissues (von Ahlfen et al. 2007), GAGs from frozen
and FFPE samples were analyzed using PAGE (Figure 1c). The size of isolated GAGs
from FFPE tissues was comparable to that of GAGs from frozen tissues, for Iiver as well
as for skin. To evaluate if the GAG domain structure was compromised by FFPE treatment, reactivity with seven anti-GAG antibodies, each recognizing different epitopes,
was determined using ELISA (Figure 1d). Similar reactivities were observed for GAGs
isolated from FFPE (with or without pre-deparaffination) or frozen tissues, for both skin
and Iiver. Two notable differences between the GAG composition of Iiver and skin were
the higher reactivity of skin with the anti-DS antibody LKN1 and with the anti-HS anti
body NS4F5. This reflects the abundance of DS and the presence of mast cells in
skin. Mast cells contain heparin, a highly sulfated form of HS, which is recognized by
the antibody NS4F5. The structural composition of GAGs was further investigated on
the disaccharide level by enzymatic depolymerization using heparinases for HS (Figure
1e) and chondroitinase ABC for CS/DS (Figure 11). The major disaccharide constituents of Iiver HS were UA-GIcNAc, UA-GIcNS, UA2S-GlcNS and UA2S-GlcNS6S (see
supplementary data for disaccharide abbreviations), in agreement with literature data
(Lyon et al. 1994), and their proportions were comparable between FFPE and frozen
samples (Figure 1e). The major disaccharide (-90%) found in CS/DS from skin was
UA-GalNAc4S, which is abundantly present in DS (Figure 1f). Again, composition was
not altered by FFPE treatment.
As the yield from FFPE tissues as compared to frozen tissues was previously
reported to be reduced for DNA (Serth et al. 2000) and N-linked glycoproteins (Tian, et
al. 2009), we determined the concentrations of isolated GAGs using the metachromatic
dye dimethylmethylene blue. For skin 266±55 pg GAG/gram wet tissue (mean±sd) was
isolated from directly frozen tissue, which was not significantly different (P=0.09, n =3)
from the amount isolated from deparaffinated FFPE skin tissues (387±77 |jg GAG/gram
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iiver and skin, and divided the tissues into several pieces which were either formalinfixed and paraffin-embedded, or directly frozen in liquid nitrogen. Optionally, paraffin-
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2. Results and discussion
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Figure 2. Analysis of glycosaminoglycans (GAGs) from FFPE tissue sections.
(a) CS/DS disaccharide composition of GAGs from the papillary and reticular skin
layer, obtained by laser-microdissection (mean ± sd from three different enzyme
digestions). (b-d) Composition of GAGs from sections of skin from five normal (N1-N5),
keloid (K1-K5) and psoriatic (K1-K5) individuals. (b) agarose gel electrophoresis (note
alterations, indicated by arrows). (c-d) FIPLC disaccharide analysis (c, CS/DS; d, FIS).
Mean±sd from 4 (FIS) or 5 (CS) individuals per group. FIS/CS/DS: heparan/chondroitin/
dermatan sulfate. * P<0.05, ** P<0.01, *** P<0.001.
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to frozen tissue (101 ±33; P=0.01, n =3). For iiver a direct comparison could not be
made since frozen material was homogenized, whereas FFPE material was cut into
GAGs isolated from FFPE Iiver material was 20±6 and 24±3 pg GAG/gram wet tissue
for tissue with/without pre-deparaffination respectively, and this was significantly less
compared to frozen and homogenized material (63.8±24.4; P=0.04, n = 3, P=0.05, n=3
respectively). Combined, these results indicate that, in case of skin, deparaffination is
sufficiënt to quantitatively extract GAGs compared to frozen tissue, but further adaptation may be needed for other tissues.
In general, FFPE tissues from pathological conditions are precious and extraction
should ideally be done using minute amounts of material such as present in tissue
sections, which has the additional advantage that (immuno)histochemistry can be
performed on adjacent sections. Therefore, sections of (deparaffinated) FFPE mouse
skin material were probed for GAG isolation. As little as a single 40 |jm section of
-10x4 mm was sufficiënt to isolate and characterize GAGs using agarose gel electrophoresis (Supplementary Figure 2a-c). Encouraged by these results, we applied this
technique in two different ways. First, GAG composition of two specific layers of the
human skin, the papillary and reticular dermis, was determined using laser-microdissected layers (Supplementary Figure 3). For both layers, DS was by far the predominant GAG (agarose gel electrophoresis) and its composition was determined by CS/DS
disaccharide analysis (Figure 2a). It was found that these dermal layers have compositional differences, for instance with regard to UA2S-GalNAc4S and UA2S-GalNAc6S.
Second, GAGs were isolated from tissue sections from two human skin pathologies:
psoriasis and keloid, and compared to normal skin by agarose gel electrophoresis and
by disaccharide analysis of CS/DS and HS (Figure 2b-d). As these sections were generally very small (-3x2 mm) (Supplementary Figure 4), ten 40 pm sections were used for
isolation. Although the size of the sections differed, making it difficult to compare the
total amount of GAGs, their relative distribution could be determined by agarose gel
electrophoresis (Figure 2b). In three out of five keloid patients there was a clear increase
in CS compared to normal skin, in agreement with literature (Ikeda et al. 2009). in skin
from psoriasis patients an increased level of HS and CS was noted. Alterations in GAG
content and composition have been reported in psoriasis (Smetsers et al. 2004). Immunohistochemical staining of adjacent sections confirmed the increase in CS in these
skin pathologies (Supplementary Figure 5). In addition, HPLC analysis was performed
to evaluate the CS/DS and HS disaccharide composition (Figure 2c-d). For CS/DS,
the relative amount of UA2S-GalNAc4S decreased for both pathologies, whereas
UA-GalNAc and UA-GalNAc6S were increased. This difference in composition may
be explained by the relative increase in CS compared to DS. For HS differences were
noted as well.
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pieces (for skin both frozen and FFPE material were cut into pieces). The amount of
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wet tissue). However, without deparaffination the yield was significantly less compared
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SuppLementary Figure 1.
Disaccharide structure of the major classes of sulfated glycosaminoglycans (GAGs).
The repeating disaccharide structure of heparan sulfate (HS) consists of glucosamine (GlcN) and glucuronic acid
(GIcA), or its C5 epimer iduronic acid (IdoA) created by the epimerase enzyme. The repeating disaccharide struc
ture of chondroitin sulfate (CS) consists of N-acetylgalactosamine (GalNAc) and GIcA. Dermatan sulfate (DS) is
structurally related to CS, but contains primarily IdoA instead of GIcA. GAGs can be variably modified by sulfation
by different enzymes at indicated positions.
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SuppLementary Figure 2 .
Glycosaminoglycan (GAG) extraction/isolation from one 40 pm section of FFPE mouse skin.
(a) Agarose gel of 0.5 pi (out of 10 pi total) of GAGs isolated from a single 40 um section. The marker (M) contains
10 ng HS, 5 ng CS and 5 ng DS. (b) Macroscopical view of the paraffin block used for sectioning, indicating the
size of the section in cm. (c) Adjacent hematoxylin and eosin stained section, showing the epidermis (1), dermis
(2), subcutaneous fat (3) and muscle layer (4). Scale bar = 100 pm. HS/CS/DS: heparan/chondroitin/dermatan
sulfate. For full color pictures see chapter 10.
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Reticular

dermis

Supplementary Figure 3.
Glycosaminoglycan (GAG) extraotion/isolation from one 40 . Laser-dissected areas in section of human skin.
Deparaffinized human skin sections were stained with Mayer’s hematoxylin and the papillary (red line) and reticular
(yellow line) dermis were separately dissected using a laser-microdissection system. For full color pictures see
chapter 1 0 .

To summarize, we present a method to extract/isolate high quality GAGs from FFPE
tissues and show that GAGs are structurally and compositionally comparable to those
obtained from frozen tissues. GAGs can be anaiyzed from as littie as one 40 |jm tissue
section and laser-dissected structures can be evaluated as shown for different layers
of human skin. Pathology associated differences in GAG classes and disaccharide
composition were demonstrated using sections of tissue blocks from diseased skin.
The method described enables the use of archival FFPE material for the structural characterization of GAGs, and opens new avenues to analyze GAGs in pathologies, and
correlate this to patiënt related data.

3. Materials and methods
3.1 Biological materials
Liver and skin were derived from two-three month old Wistar rats and tissue was
divided in pieces (liver range: 310-1198 mg wet weight, mean±sd: 720±259 mg; skin
range: 118-454 mg wet weight, mean±sd: 268±105 mg), and either directly frozen in
liquid nitrogen orfixed overnight in 4% paraformaldehyde (in 0.1 M sodium phosphate
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Supplementary Figure 4.
Macroscopical picture of hematoxylin-eosin stained sections adjacent to sections used for isolation of glycos
aminoglycans (GAGs), indicating the size of the section. Note that the order of the different patients (top to
down) corresponds to the order on the agarose gel, shown in Fig 2b (left to right). Also note that in several cases
multiple sections were stained. Scale bar = 1 cm. Forfull color pictures see chapter 10.

Supplementary Figure 5.
Sections adjacent to sections used for glycosaminoglycan (GAG) extraction'/isolation and stained with hematoxylin and eosin (HE), and for chondroitin sulfate (CS) and dermatan sulfate (DS) using specific antibodies. Note the
increased CS staining in keloid and -to a lesser extent- in psoriasis. Scale bar = 100 pm. For full oolor pictures
see chapter 10.
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embedded in paraffin as described above. Tissue sections of human (pathological) skin
Nijmegen Medical Centre. We used anonymized archival biopsy material left over from
previous diagnostic procedures, in accordance with the Dutch code of conduct on the
use of human tissue.

3.2 Procedure for extraction/isolation of glycosaminoglycans (GAGs)
Extraction/isolation from tissue blocks. For isolation of GAGs from rat tissues, FFPE
tissue was cut into small pieces (-5-10 mm3), after removing the excess of paraffin.
Pieces were put into 50 ml conical tubes. In case the tissue blocks were deparaffinated,
surrounding paraffin was cut away, and the blocks were placed in a xylene bath (100
ml) at 60°C for 15 min. This was repeated twice with fresh xylene. Excess xylene was
discarded and the tissue piece was washed with 100% ethanol (100 ml) followed by
96%, 70%, 50%, 30% ethanol for 3 min each. Subsequently, the tissue was gently
rinsed in running tap water for 30s and kept in PBS (100 ml) for 30 min for rehydration.
After deparaffination, the wet tissue was cut into small pieces (-5-10 mm3) and put into
a 50 ml conical tube.
To both paraffinated and deparaffinated samples 20 ml of digestion buffer (50 mM
sodium phosphate, 2 mM cysteine, 2 mM EDTA, pH 6.5) and 25U of the proteolytic
enzyme papain from Papaya latex (P3125, Sigma-Aldrich, St Louis, MO) was added
per gram of wet tissue weight. For isolation from frozen liver tissues, homogenization
by a potter-Elvehjem homogenizer with intervening space of 0.35 mm (5-10 strokes)
was performed in 20 ml of digestion buffer (without papain)/gram tissue and the tissue
homogenate was transferred into a 50 ml conical tube, and 25U papain/gram tissue
was added. For isolation from frozen skin, a similar procedure could not be used as skin
is too rigid. Instead, -5 -1 0 mm3 pieces were cut.
Papain digestion was performed in a 65°C water bath overnight, followed by centrifugation at 5200g for 20 min at room temperature. In case FFPE tissues were not first
deparaffinated, centrifugation was performed at 37°C. The resulting tissue pellet was
digested with papain once more. To the supernatant, trichloroacetic acid (TCA) was
added to a final concentration of 15% (w/v), put on ice for 30 min and centrifuged at
5200g for 30 min at 4°C. The supernatant was diluted at least five times and loaded
onto an anion exchange column composed of 1 ml diethylaminoethyl (DEAE) Sepharose
(GE Healthcare, Chalfont St. Giles, UK) for further purification of GAGs. In case FFPE
tissues were not first deparaffinated, the TCA pellet was not very solid and the superna
tant was filtrated after five times dilution, resulting in a clear filtrate which was subjected
to the column. An initial wash of the column was performed with 3 ml 0.2M NaCI in
10 mM Tris (pH 6.8). GAGs were eluted with 3 ml 2M NaCI in 10 mM Tris (pH 6.8) and
allowed to precipitate overnight at -20°C by adding five volumes of methanol, followed
by 1h centrifugation at 5200g at 4°C. Methanol was discarded quickly and the precipi-
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buffer, pH 7.4) at 4°C and embedded in paraffin. For isolation of GAGs from mouse
skin sections, skin was derived from two-three month old BALB/c nude mice, and

tated GAGs were air-dried, dissolved in Milli-Q and stored at 4°C (the amount of Milli-Q
added (in (jl) corresponds to the vaiue of half of the wet weight (in mg) of the original
tissue material).

3.3 Extraction/isolation from tissue sections. For isolation of GAGs
frommouse and human
FFPE skin, sections of 40 |jm were made and collected in 2 ml eppendorf tubes. Deparaffination was performed as described above, using 2 ml eppendorf tubes, and volumes
of 1 ml. Centrifugation steps of 5 min at 14,000g were performed after each incubation. The isolation procedure was as described above with the following changes:
the amount of digestion buffer was 50 |jl/section (with a minimum of 150 |jl for 1 or
2 sections), anion exchange chromatography was performed using Vivapure QminiH
spin columns (Sartorius-Stedim Biotech, Aubagne, France) with a volume of 450 and
150

mI

for washing and elution, respectively. After methanol precipitation, GAGs were

dissolved in 10 pl Milli-Q. All centrifugation steps were performed at 14,000g.

3.4 Ouantification of glycosaminoglycans by dimethylmethylene blue
To determine the concentration of sulfated GAGs isolated from tissues, a spectrophotometric assay developed by Farndale et al. (Farndale et al. 1986) was used. In brief,
200 mI of reagent (3.04 g/l glycine, 2.37 g/l NaCI, and 18 mg/l 1,9-dimethylmethylene
blue dye, pH 3.0) was added to 10 pl of samples in microtiter plates, using 0-100
Mg/ml CS-A and HS (from bovine trachea/kidney, respectively; Sigma-Aldrich) as the
standards. Absorption was read at 525 nm.

3.5 Agarose gel electrophoresis
Separation of the major classes of sulfated GAGs was achieved by agarose gel elec
trophoresis, as described before (van de Lest et al. 1994). Briefly, 50 ng of isolated
GAGs was separated using 1% (w/v) agarose gels in 50 mM Ba(Ac)2 buffer (pH 5.0).
After electrophoresis at 30 mA/gel in 50 mM Ba(Ac)2 for 50 min, the gel was fixed and
stained with 0.1% (w/v) azure A (Sigma-Aldrich) for 60 min, and destained in 10 mM
NaAc buffer (pH 5.5) for 30 min. After 30 min washing in Milli-Q, the gel was air-dried,
followed by a silver-staining procedure to visualize GAGs.

3.6 ELISA
A 96-well microtiter plate was coated overnight with GAGs (1 |jg/ml in coating solution),
followed by rinsing six times with PBS containing 0.1% (v/v) Tween-20 (PBST) and
blocking with 3% (w/v) BSA in PBS containing 1% (v/v) Tween-20. Plates were incu
bated with a two-fold serial dilution in blocking solution of different single chain variable
fragment (scFv) anti-GAG antibodies for 60 min. For epitope preferences of these anti
bodies, see (Lensen et al. 2006, Smetsers, et al. 2004, Wijnhoven et al. 2008). Bound
scFv antibodies were detected by 60 min incubation with mouse anti-VSV monoclonal
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rabbit anti-mouse IgG (Dako, Glostrup, Denmark). Plates were washed six times with
PBST after each incubation. Enzyme activity was detected using 1 mg p-nitrophenyl
phosphate/ml as a substrate, dissolved in 1M diethanolamine with 0.5 mM MgCI2 (pH
9.8). The absorbance was measured at 405 nm.

3.7 Polyacrylamide gel electrophoresis (PAGE)
300 ng of isolated GAGs was loaded on a 16.5% acrylamide/bis-acrylamide gel and
1 pg of HS was used as a Standard. Electrophoresis was performed in 30 mM Tris/22
mM MES buffer at 200V for ca. 2h. After electrophoresis, the gel was stained with 0.8%
(w/v) Alcian Blue (Sigma-Aldrich, in 2% (v/v) acetic acid) for 30 min and then destained
by 10% (v/v) acetic acid for two times 30 min, followed by 30 min neutralization in
Milli-Q. To visualize GAGs, the gel was placed in 5% (w/v) Na2C03 for 10 min, and a
silver-staining procedure was employed, as was done for agarose gels.

3.8 HPLC disaccharide analysis
For CS/DS disaccharide analysis of rat skin samples, 200 mlU chondroitinase ABC
(from Proteus vulgaris, Sigma-Aldrich) was added overnight at 37°C to 10 pg of isolated
GAGs in 100 pl of digestion buffer (25 mM Tris and 2 mM MgAc2, pH 8.0). For HS
disaccharide analysis of rat Iiver samples, 7.5 mlU each of heparinase I, II and III (from
Flavobacterium heparinum, IBEX Pharmaceuticals., Montreal, Canada) were added to
15 |jg of isolated GAGs in 100 pl of digestion buffer (100 mM NaAc/0.2 mM Ca(Ac)2,
pH 7.2) for 2h at 37°C, after which 7.5 mlU of heparinases was added again and the
reaction was aliowed to take place overnight. The reaction was stopped by boiling the
samples for 30s, and disaccharide separation was carried out by ion-pair reversedphase chromatography with a gradiënt elution using a Supelcosil LC-18-T column
(150x4.6 mm; 3 pm). Solvents A and B consisted of 5% and 50% aqueous acetonitrile,
respectively, both supplemented with 5 mM tetrabutylammonium phosphate and 10
mM ammonium phosphate monobasic (pH 7.0). Elution was carried out using isocratic
elution with 100% A for 2 min, linear gradiënt elution for 33 min to 100% B, followed
by a 5 min wash with 100% B and equilibration by 100% A for 10 min. The flow-rate
was 1.2 ml/min, column temperature was 25°C and detection took place at 232 nm.
Identity of disaccharides was determined by comparison to disaccharide standards
(Iduron, Manchester, UK) and amount of specific disaccharides was calculated from
peak surface area.
For disaccharide analysis of mouse and human skin sections, 15 mlU chondroitinase
ABC (for CS/DS analysis) or 0.66 mlU each of heparinase I, II and III (for HS analysis) was
added to 2-4 |j| of isolated GAGs for 2h at 37°C in a total of 10 pl in digestion buffer, as
described above, after which the same amount of enzyme was added again and the
reaction was aliowed to take place overnight. Disaccharides were labeled with 2-aminoacridone and separated and detected by RP-HPLC as described (Ambrosius et al. 2008).
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3.9 Laser-microdissection
Tissue sections (8-9pm) from FFPE skin samples were mounted on cross-linked PEN
membrane slides (Leica Microsystems, Wetzlar, Germany). Sections were deparaffinized using xylene and ethanol and nuclear stained with Mayer’s hematoxylin (1 min)
followed by rinsing in tap water. After drying for 30 min, the papillary and reticular
dermis were separately dissected from fifty tissue sections. Dissection was performed
using a Leica Laser Microdissection System equipped with an UV laser (LMD 6000,
Leica Microsystems), as described earlier (Janssen et al. 2011).

3.10 General histochemistry and immunohistochemistry
Hematoxylin and eosin staining was performed as described (Bancroft and Stevens
1996). For staining of CS and DS, 4 pm sections were deparaffinated in xylene,
hydrated with graded ethanol and blocked for endogenous peroxidase activity by
0.3% hydrogen peroxide in methanol for 20 min. After rinsing in PBS containing 0.01 %
Triton-X100 (PBS-T), sections were incubated in 0.1 M citrate buffer (pH 5.8) for 30 min
at room temperature, and blocked with 2% BSA in PBS-T. Next, sections were incu
bated successively with the VSV-tagged ScFv anti-DS antibody GD3A12 (Ten Dam et
al. 2009) or anti-CS mouse antibody CS-56 (Sigma-Aldrich), mouse anti-VSV antibody
P5D4 (in case of GD3A12), and biotinylated horse-anti-mouse IgG (Vector laboratories,
Burlingame, CA). After incubation with ABC-reagents (Vectastain ABC anti-mouse-lgG
kit, Vector laboratories), bound antibodies were visualized using with 3-amino-9-ethylcarbazole. The sections were counterstained with hematoxylin and mounted with
Kaiser’s glycerol gelatin (Merck, Darmstadt,Germany).

311 Statistics
Data are presented as mean with Standard deviation and analyzed using a two-tailed
Student’s t-test, with P<0.05 considered as significant.
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Aims: Ovarian cancer has the highest case-to-fatality-index of all gynecological cancers. In this
study, tumor-related alterations in the extracelluiar matrix, especially regarding chondroitin sulfate
glycosaminoglycans, are proposed as a novel biomarker in ovarian cancer. Materials & methods:
Phage display technology was applied to select antibody GD3A10, which was obtained by
biopanning using embryonic glycosaminoglycans as a source for carcinogenic antigens. GD3A10
antigen specificity was studied in situ using glycosaminoglycan degrading enzymes. A patiënt
cohort (n=159) was immunohistochemically stained. Scoring was correlated with clinical prognostic parameters and survival. Normal rat organs were used to study normal antigen distribution.
Results: GD3A10 is a specific anti-chondroitin sulfate antibody and the epitope was absent or very
restricted in normal rat organs, normal ovaries and benign ovarian tumors. Strong stromal expression was observed in malignant ovarian tumors, and correlated with poor prognostic factors such
as subtype, tumor grade, and recurrence. Conciusion: Tumor-associated glycosaminoglycans are
an interesting source of biomarkers in ovarian cancer, as shown here using chondroitin sulfate
antibody GD3A10.
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Ovarian cancer is called ‘the siient lady killer’ due to its insidious and aggressive character. Because specific symptoms are absent at an early stage, over 70% of patients
present with extensive metastatic disease (FIGO stages III and IV), and 5-year survival
is less than 22%.1This high mortality makes ovarian cancer the most lethal malignancy
of all gynecological cancers.2
Cell-to-cell and cell-to-matrix interaction are of great importance for normal as well
as pathological cell behavior. Remodeling and degradation of the extracellular matrix
(ECM) is a crucial step in cancer progression and allows for invasion and neovascular
ization of the host stroma, facilitating tumor growth and dissemination.3 0 As a consequence, tumor extensiveness and patiënt outcome are not only depending on tumor
cell characteristics but also on the biochemical alterations within the ECM.7'9 In ovarian
cancer, extensive intratumoral ECM has even been recognized as an independent
prognosticator for poor survival.10
The ECM consists of a diverse compilation of biochemical components, such
as fibrous proteins and polysaccharides. A major player in the ECM comprises the
group of glycosaminoglycans, long unbranched polysaccharide chains composed of
repeating disaccharide units of alternating uronic acid and aminosugars which can be
modified by sulfation, deacetylation and epimerization. Based on the type of monosaccharides and glycosidic bonds, four major glycosaminoglycan classes have been
identified: dermatan sulfate (DS)/chondroitin sulfate (CS), heparan sulfate (HS)/heparin,
keratan sulfate and hyaluronan.
The glycosaminoglycan content in normal ovarian tissue primarily comprises sulfated
glycosaminoglycans (>90%), DS being the most abundant component (>50%).” ■12
Functional ovarian follicles (cysts existing under normal physiological circumstances)
contain mainly DS and HS.13' 14 By contrast, ovarian carcinomas are characterized by
increased levels of glycosaminoglycans, the larger part being CS.7'16'21 An increase of
(highly-sulfated) CS has been correlated with tumor aggressiveness and poor patiënt
outcome in ovarian cancer patients.22,23
Alterations in the sulfation pattern of CS have been widely reported for various carci
nomas, including aberrant levels of non-, 2 -0 -, 4 -0 - and 6-O-sulfated CS-disaccharide
units. The extensive biosynthetic modification process of CS allows for the formation
of a large number of different oligosaccharide patterns which mediate the binding and
modulation of many effector molecules including growth factors and cytokines. This
makes CS mediators of many biological and pathological processes, including cancer.9,24,25
Despite more than three decades of ovarian cancer research, appropriate biomarkers
for early detection, diagnosis and prognosis are still lacking. Tumor associated ECM
may be an interesting source of novel biomarkers and the detection of specific CS
epitopes/motives in the tumoral stroma might offer new possibilities. CS, and glycos
aminoglycans in general, are poorly immunogenic and therefore antibody phage display
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technology has been adopted to obtain specific antibodies. in this study we applied the
phage display technology for the selection of a single chain antibody (GD3A10), using
embryonic glycosaminoglycans as a source for carcinogenic antigens. We topologically
and biochemically characterized the epitope, and evaluated its potential as a biomarker
for ovarian cancer.

2. Materials and methods
2.1 Animal and human tumor tissue collection
Wistar rats (embryos E18 and males 8 weeks) were obtained from the Central Animal
Laboratory (Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands).
To determine antibody specificity and distribution, the following organs were harvested
from 8 week old rats; kidney, testis, pancreas, ear, skin, tongue, small intestine, Iiver
and spleen.
Paraffin embedded human ovarian tissue was obtained from the archives of the
Department of Pathology at the Radboud University Nijmegen Medical Centre. All
ovarian tissue sections were reviewed using H&E staining by an experienced gynecopathologist (JB) to confirm clinical diagnosis and select representative tumor sections.
The final study cohort consisted of 159 specimens and included 6 ovarian samples of
healthy postmenopausal women (ovaries were removed during prolapse surgery), 58
tissue samples from patients with benign abnormalities of the ovary and 95 samples
of patients suffering from malignant epithelial ovarian tumors. An overview of general
patiënt and tumor characteristics is shown in Table 1. The following parameters were
retrospectively retrieved from the patients pathological and medical reports; age at
diagnosis, histopathological subtype, differentiation grade of the tumor, FIGO stage
of disease, amount of residual tumor bulk after cytoreductive surgery, chemotherapy,
CA125 serum levels (at diagnosis), recurrent disease and survival. Histopathological
subtype and tumor grade were classified according to the World Health Organization
criteria,26 tumor grade was subdivided as low (I) and high grade (ll-lll). Staging was
performed using the FIGO criteria.27 Informed consent was obtained from all patients.
All samples were handled in a coded fashion according to local ethical guidelines.

2.2.Selection and production of single chain antibody GD3A10
The single-chain variable fragment (scFv) antibody GD3A10 was selected against
rat embryo-derived glycosaminoglycans, as a source for carcinogenic antigens. This
glycosaminoglycan pool, prepared from rat embryos (E18), constituted primarily of CS
with only low amounts of HS and DS.16 The selection of phages displaying antibodies
and scFv antibody production were performed as previously described.28' 29 In brief,
immunotubes were coated with embryo-derived glycosaminoglycans and biopanning
was performed using antibody displaying phages derived from the human semisynthetic
single-chain variable scFv library no. 130, which was generously provided by Dr. G.
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General patiënt and tumor characteristics
Adenomas (n=58)
Age median (range)
CA125 (IU/L) median (range)
Menopausal status
PrePosturiknown
Histology
________Serous___________
Serous
Endometrioid
Clear cell
Grade
________I________________
II
III__
FIGO stage
I
N
III
VI
unknown

47.0(13-86)
9.1 (2-899)

Adenocarcinomas (n=95)
: 55.0 (23-90)
194.8(2-11,000)

35 (60.3%)
| 23(39.7%)
[ -

36 (37.9%)
57(61.3%)
l 2(2.1%)

I 23 (39.7%)
27 (46.6%)
8(13.8%)

44 (46.3%)
22 (23.2%)
17(17.9%)
12(12.6%)

I

17(17.9%)
22 (23.2%)
56 (58.9%)
29 (30.5%)
10(0.5%)
44 (46.4%)
10(10.5%)
2(2.1%)

Winter (Medical Research Council Molecular Biology, Cambridge, UK). Phages were
allowed to bind to the embryonic glycosaminoglycans for 2 hours under constant
rotation. Bound phages were eluted with 100 mM triethylamine and the eluate was
neutralized by addition of Tris-HCI (pH 7.3). A total of four rounds of biopanning was
performed. After completion of the biopanning, 8 phage display scFv antibodies were
obtained. Only antibodies reactive with glycosaminoglycans were selected. Some anti
bodies were reactive with CS, some with DS and some with HS. Antibodies reactive
with DS or HS generally define glycosaminoglycan epitopes quite abundant in normal
tissues. Because of limited expression in normal tissue and abundant expression in
tumors GD3A10 was selected for further investigation. In this study the scFv antibody
GD3A10 was used as a soluble antibody, not attached to the M13 phage.

2.3 Immunohistochemistry
Cryosections (5 |jm) were out and fixed with 100% ice cold methanol. After blocking
with phosphate buffered saline (PBS) containing 0.1% Tween-20 (PBS-T) and 1%
bovine serum albumin (BSA, fraction V, Sigma-Aldrich) for 10 min, sections were incu
bated with primary antibody GD3A10 for 60 min. Bound antibodies were detected by
secondary anti-VSV tag mouse antibody P5D4 and visualized by a tertiary antibody
step including goat antimouse IgG Alexa Fluor 488. After each incubation step the
sections were thoroughly rinsed with PBS. Finally, cryosections were fixed in 100%
ethanol and mounted in mowiol-488 (Calbiochem, La Jolla, CA).
Patiënt paraffin embedded material was sectioned (5 pm) and immunohistochemi-
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cally analyzed according to the ABC-method, visualized with 3-amino-9-ethylcarbazole (AEC) as described previously.23 In brief, after de-paraffinization in xyiene, sections
were hydrated with graded ethanol and blocked for endogenous peroxidase activity
with H20 2 diluted in methanol. Subsequently, sections were rinsed in PBST, incubated
with 0.1M citrate buffer (pH 5.8) for 30 minutes (room temperature) and blocked with
2% bovine serum albumin in PBS-T. Thereupon, three antibody incubation steps were
performed including, primary antibody GD3A10, secondary mouse anti-VSV antibody
P5D4, and tertiary biotinylated horse-anti-mouse IgG (Vector laboratories Inc.). Primary
antibody (GD3A10) was omitted for negative Controls and sections of known strong
staining intensity were used as positive Controls. Antibody incubation was followed by
ABC-reagents (Vectastain ABC anti-mouse-lgG kit, Vector Laboratories Inc.). AEC was
used to visualize all bound GD3A10. Hematoxylin was used to counterstain all sections,
after which sections were mounted with Kaiser's glycerol gelatin (Merck, Darmstadt,
Germany).

2.4 Evaluation of GD3A10 antibody specifïcity
Specificity of the antibody GD3A10 was assayed by digestion of cryo tissue sections
with specific glycosaminoglycan degrading enzymes. Sections of ovarian carcinoma
and rat ear cartilage were pre-treated with the glycosidases, chondroitinase ABC
(cleaves both CS and DS), chondroitinase B (cleaves DS), chondroitinase AC (cleaves
CS) and heparinases I + III (cleaves HS). All glycosidic enzymes were from Sigma-AIdrich (St. Louis, MO). As a control tissue sections were incubated with reaction buffer
without enzyme. The general presence of CS/DS was determined using antibody
CS-5631 (Sigma) and CS/DS single chain antibodies I03H1032, GD3A1212. The anti
body GD3G7 was also included16 All single chain antibodies were previously developed
in our laboratory.

2.5 Semiquantitative evaluation of GD3A10 epitope expression in
ovarian tumors.
Two independent observers (AvT and MV) scored all tumor sections. The observers
did have no prior knowledge of the pathological diagnosis or clinical outcome. A semi
quantitative scoring system was used, which was described previously.23 This scoring
system evaluates both the percentage of (peri)tumoral stroma that stained (classified
as: 0 = no staining, and 1 = 0-5% , 2 = 6-25%, 3 = 26-50%, 4 = 51-75% and 5 =
> 75% staining) and the intensity of staining (0 = negative, 1 = weak, 2 = moderate,
and 3 = strong). When there were conflicting scores, sections were re-evaluated and
discussed until both observers agreed. The overall score was calculated by adding up
scores for percentage and intensity. To be able to compare various clinical parameters
for GD3A10 staining, two groups were formed based on the median, low (< 4 points)
versus high expression (> 5 points).
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used for statistical analyses. Chi-square tests were applied to study statistical signif
icant differences between GD3A10 antibody staining and various clinical parameters.
Survival differences were quantified using Kaplan Meier survival curves with log-rank
tests. All tests were two-sided and p-values less than 0.05 were considered statistical
significant.

3. Results
3.1 GD3A10 DNA sequence analysis
DNA sequence analysis revealed that antibody GD3A10 belongs to the VH3 family,
has a DP38 germ line gene segment, with a heavy chain complementarity determining
region 3 (VH CDR3) amino acid sequence of GSSMRT.

3.2 Specifïcity of GD3A10 antibody
To determine the specificity of antibody GD3A10, ovarian carcinoma and rat cartilage
cryosections were pretreated with chondroitinase-ABC, -AC and - B and heparinases,
and subsequently stained with antibody GD3A10. Figure 1 shows GD3A10 expression in ovarian carcinoma with and without enzyme treatment. GD3A10 reactivity was
completely abolished when tissue sections were pretreated with chondroitinase-ABC
and -AC, whereas Controls (enzyme buffer only) showed strong staining. Staining was
partly abolished in case of chondroitinase-B treatment. Pretreatment with heparinase
had no effect on GD3A10 staining. These results indicate that the antigen defined by
antibody GD3A10 is CS. Residual activity after chondroitinase B digestion may be
explained by the hybrid CS/DS nature of some glycosaminoglycans.

3.3 Tissue distribution of chondroitin sulfate structures recognized
by antibody GD3A10
Normal rat tissue cryosections (ear, testis, pancreas, intestine, liver, skin, tongue,
kidney, and spleen) were analyzed for reactivity with GD3A10. A very limited expression
pattern was observed throughout the various organs. An overview of immunoreactivity
is shown in Table 2. Strong staining by GD3A10 was present in cartilage structures of
the ear, small blood vessels of the testis and the capillaries of the islands of Langerhans in the pancreas. Small sub epithelial capillaries in the villi of the intestine stained
moderately (Figure 2). The ECM surrounding glands in the tongue was weakly positive,
whereas renal tissue showed very weak positive staining in Bowmans capsule and
tubuli, the glomerulus being negative. Liver, skin and spleen specimens did not show
GD3A10 staining.
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2.6 Statistical AnaLyses
Software package SPSS 20.0 for Microsoft Windows (SPSS Inc., Chicago, IL) was

112

D
^
i
.

A

)
-...

>*

.

>
ê

Base

heparinases 1+111

M

j

m

K>f

j j '

control (no primary antibody)
Figure 1 .

s>

/?■- '"-/V
1
11) « ■
*r
,'t«V * j j ^

k ‘’ ttaf

%

Xj
&

fJ

\

buffer only

Specificity o f antibody GD3A10.
Ovarian carcinoma cryosections were preincubated with specific digestive enzymes for the
glycosaminoglycans chondroitin sulfate, heparan sulfate and dermatan sulfate Pre-incubation with
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Buffer only (F). Bar: 100 pm. Forfull color pictures see chapter 10.
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TabLe 2 .

GD3A10 epitope expression in normal adult rat tissues
Location)

Staining intensity

Ear

Cartilage
_________________ I
Small capillaries
Larger blood vessels
Endocrine capillaries
Exocrine capillaries
Larger blood vessels
Sub epithelial capillaries in the villi
ECM villi

+++
++
+
++
-/+

Testis
Pancreas

Small intestine
Kidney

Tongue

Liver
Skin
Spleen

Figure 2.

Peritubular capillaries
Glomerulj
I Bowmans Capsule
; T u b u l i _________ ________ I
ECM glands
Small capillaries
Larger blood vessels

-/+
-/+
-/+
-/+
-/+
-/+
-

Location and intensrty are indicated:
no staining
-/+, very weak
+, weak
++, moderate
+++, strong staining.

Topological distribution o f the chondroitin sulfate epitope defined b y antibody GD 3A10 in rat
tissues (im m unohistochem istry using cryosections).

Ear cartilage (A), testis (B), pancreas (C), and intestine (D) are shown. Strong staining was observed
in the cartilage structures of the ear, in small blood vessels and capillaries of the testis, and in the
islets of Langerhans. In the villi of the intestine the capillaries directly underlying the epithelium
showed weak staining (arrow). Bar: 100 pm. For full color pictures see chapter 10.
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Benign

Malignant
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Figure 3.

Immunolocalization and analysis of the GD3A10 epitope in human ovary, ovarian cysteadenoma,
Paraffin embedded tissue sections were immunostained with antibody GD3A10. No staining was
observed in normal ovarian stroma (A). Stroma of benign ovarian tumors such as serous (B) and
mucinous (C) and endometrioid (D) subtypes, was negative, but sometimes (minor) staining of the
BM zone was observed (arrows). Very strong staining of the stroma and basement membrane zone
underlying tumor cells was observed in ovarian adenocarcinomas as shown for serous (E), muci
nous (F), endometrioid (G), and dear cell (H) epithelial subtypes. Strong GD3A10 staining of small
blood vessels (arrows) was observed in the stromal compartment of adenocarcinomas (I). Bar: 100
pm. Overall scoring of GD3A10 epitope expression in benign (n=58) and malignant (n=95) ovarian
tumors divided for total score <4 and >5 points, p<0.000.(J). For fuii color pictures see chapter 10.

Figure 4.

Expression of chondroitin sulfate and dermatan sulfate in ovarian tumors.
Both glycosaminoglycans were abundantly present in the (tumoral) ovarian stromal compart
ment, as indioated by staining with antibodies I03H10 (B), GD3A12 (C) and CS-56 (D). Antibodies
GD3A10 (A) and GD3G7 (E), however, were primarily located in the tumoral matrix near ovarian tumor
cells, and showed a comparable pattern. Bar: 100 pm. Forfull color pictures see chapter 10.
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Progression free survival (FIGO III-1V)

Percent survival

Progression free survival (FIGO l-IV)

Months tollow-up

Overall survival (FIGO lll-IV)

Percent survival

Overall survival (FIGO l-IV)

Months follow-up

Months follow-up

Figure 5.

Montns follow-up

Survival analysis for GD3A10 epitope expression.
A-B, Progression free survival (PFS) and C-D, overall survival (OS) of ovarian cancer patients.
GD3A10 expression was dichitomized for low expression (s4 points) and high expression (>5
points). Poor PFS was associated with high GD3A10 expression in patients suffering from
advanced disease (FIGO lll-IV). In addition, poor OS was correlated with high GD3A10 expression
in the complete patiënt cohort (FIGO l-IV).
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tope defined by antibody GD3A10. Normal ovaries showed no staining of GD3A10 in
both the cortex and the medulla. These structures contain large amounts of glycos
aminoglycans. The basal membrane zone (BM) underlying the surface epithelial cells
was negative for GD3A10 staining (Figure 3A). GD3A10 staining of endometrioid
cystadenomas was generally negative, whereas serous and mucinous cystadenomas
occasionally showed expression of GD3A10 just underneath the BM zone underlying
surface epithelial when there were slight morphologic alterations (Figure 3B-D). Malignant ovarian tumors showed very strong staining by GD3A10 in the stromal compartment and in the BM zone associated with tumor cells. Stromal staining is shown for
different epithelial subtypes in Figure 3E-H. In general, clear cell carcinomas contained
less stroma compared to other epithelial subtypes, but the intratumoral stroma
present, was strongly positive. Small blood vessels present in the tumoral stroma
were strongly positive for GD3A10 (Figure 31).
The overall presence of CS/DS in ovarian carcinomas was determined using anti
bodies CS-56 and I03H10 (both general CS staining) and GD3A12 (DS staining). These
antibodies showed a broad distribution of CS/DS in the tissue, whereas the distribution
of the CS epitope defined by antibody GD3A10 was much more limited and confined
to the tumoral stroma compartment and the BM zone (compare Fig. 4A to 4B-D). Anti
body GD3G7 (Figure. 4E), defining a highly sulfated CS epitope, resembled the staining
seen with GD3A10.

3-5 Clinical relevance of GD3A10 staining in ovarian tumors
Using a semi quantative scoring method, ovarian tumors were characterized as having
either low or high GD3A10 expression. Comparison of benign and malignant ovarian
tumors showed significant differences for GD3A10 expression. The overall scoring for
all ovarian tumors is shown in figure 3J. Malignant tumors showed significantly stronger
expression of GD3A10 compared to benign tumors (p<0.001), and this observation
was independent of the epithelial subtypes (for serous, mucinous and endometrioid
subtype p-values were <0.001, <0.001 and 0.002, respectively).
Overall, 12.6% of the carcinomas displayed low expression of GD3A10 and 87.4%
showed high expression. Table 3 shows the statistical analysis of GD3A10 expres
sion for different clinicopathological parameters. When carcinomas of different epithelial
subtypes were compared for GD3A10 expression, serous carcinomas showed signifi
cantly higher expression compared with mucinous carcinomas (p = 0.022). Moreover, high tumor grade was significantly correlated with high expression of GD3A10
(p<0.001). When early disease (FIGO l-ll) was compared with advanced disease (FIGO
lll-IV), there was a tendency for higher GD3A10 staining in the advanced disease
group, (p=0.063). The outcome of primary cytoreductive surgery was not correlated
with GD3A10 staining. High expression of GD3A10 was significantly correlated with
recurrent disease after remission (p=0.020).
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3.4 GD3A10 expression in epithelial ovarian tumors
All 159 specimens derived from a cohort of 159 patients were stained for the CS-epi-

118
Kaplan Meier survival plots with log rank tests were applied to evaluate GD3A10
expression and patiënt outcome, distinguishing progression free survival (PFS) and
overall survival (OS) (Figure 5). PFS and OS were defined as the time interval in months
between completion of therapy and recurrent disease or death, respectively. GD3A10
expression showed predictive value for both PFS and OS. However, please note that the
number of patients in this study group is rather low. When we included the total cohort
of 95 patients in the survival analysis, a tendency (although not significant) towards
poor PFS and high GD3A10 expression was present (p=0.061) (Figure 5A). This trend
became statistically significant (p=0.043) when only patients suffering from advanced
disease (FIGO lll-IV) were included (Figure 5B). Median PFS being 38.5 months (range
13-93) for low expression and 7.5 months (range 0-137) for high GD3A10 expression.
Furthermore, OS was significantly decreased in the total patiënt group when there was
high GD3A10 expression (p=0.031) (Figure 5C). Median OS was 83.5 months (range
2-200) for low expression compared with 45 months (range 0-168) for high GD3A10
expression.

4. Discussion
Novel biomarkers for ovarian cancer are urgently needed to improve our current diag
nostic and therapeutic strategies of this lethal disease. Since the tumoral micro-environment plays a crucial role in cancer development and progression, we addressed the
ECM as a source for biomarker detection. Using phage display technology, single chain
antibody GD3A10 was selected against glycosaminoglycans from rat embryos as a
source for carcinogenic antigens. This antibody recognizes a specific CS epitope which
was highly expressed in malignant ovarian tumors, whereas a very restricted expression
pattern was observed throughout various healthy organs.
Single chain antibodies like GD3A10 are minimal structures of functional antibodies,
which consist of only the variable regions of the heavy and light chain of a IgG mole
cule, connected by a linker. Several advantages have been described for the application of single chain antibodies, including low immunogenicity, easy tissue penetration
and rapid clearance from the circulation.33 In addition, in this study we found that
GD3A10 appears to be equally efficient at detecting specific antigens on ethanol fixed
as well as paraffin embedded tissue slides. Since the cDNA encoding the antibodies is
readily available, novel fusion molecules can be constructed linking the antibody to a
toxin, thus combining target specificity and toxicity. Single chain antibodies can also be
chemically linked to widely used non-specific chemotherapeutic drugs34 offering new
opportunities for targeted therapy regarding the tumoral extracellular matrix, in addition
to cytotoxic therapy to tumor cells.
In the majority of malignancies, including ovarian cancer, the amount of CS is
increased. Versican, a large CS proteoglycan is overexpressed in the stroma of ovarian
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FIGO stage, large amounts of residual tumor bulk after cytoreductive surgery, serous
histological subtype and reduced 5-year survival.7, 35, 36 Little is known about the
alterations in fine structure of CS in ovarian cancer. Poor patiënt outcome correlates
with increased expression of highly sulfated CS epitopes (the GD3G7 epitope) in
ovarian cancer tissue23 and high levels of the WF6 epitope in serum of advanced
stage ovarian cancer patients.22 An accumulation of CS combined with altered sulfation patterns in the tumoral micro-environment might at least partly relate to the tumors
potential to undergo malignant transformation. Generally, CS and DS are both abundantly present in the stroma of normal ovaries and ovarian tumors. The CS epitope
defined by GD3A10, however, was primarily confined to the tumoral stroma and BM
zone of malignant ovarian tumors. Invasion of the surrounding tissue, accompanied
by extensive structural changes of the ECM, is the most important characteristic of
malignant tumor cells. Metastasizing tumor cells disrupt and remodel the BM as the
prime obstacle when leaving the primary tumor. Consequently, the structural changes
observed in the BM-zone may indicate an early environmental change during tumorigenesis and holds promise for (early) biomarkers, The ability to distinguish benign from
malignant ovarian tumors could be of clinical value since the initial diagnosis determines
the therapeutic strategy, and current markers are only partially capable of doing so.
In addition, proanostic biomarkers defining the most aggressive ovarian carcinomas,
such as serous, high grade tumors, may aid in the risk-assessment of ovarian cancer
patients. Application of CS-antibodies reactive with tumor associated CS epitopes may
provide new opportunities in this respect.
Gaining a better understanding of the complex micro-environmental changes
that occur during cancer progression may provide us with new leads for diagnostic
biomarkers and potential novel agents for targeted therapy. And the highly diverse class
of glycosaminoglycans (including CS) offers specific opportunities in this respect. Their
fine structure likely reflects the specific state of the cells involved, and may be indicative
for the stage of tumor development. Glycosaminoglycans are easily liberated into the
blood and urine, without major alterations. Therefore, the detection of tumor associated
glycosaminoglycans in bodily fluids using phage display derived antibodies such as
GD3A10 may offer a novel approach for ovarian cancer diagnostics.
In this study we report the selection, characterization and immunohistological application of a novel phage display derived antibody GD3A10. The antibody defines a
specific chondroitin sulfate epitope highly upregulated in malignant tumors. Important
clinical prognostic parameters such as high grade and serous subtype, and poor
survival, correlated with high GD3A10 expression
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carcinomas and is associated with poor prognostic clinical parameters such as advanced
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5. Future perspective
Biomarkers are needed to improve patiënt outcome in ovarian cancer. In our perspec
tive, the tumoral stromal compartment (tumoral ECM) is an unexplored source of
potential novel biomarkers which might aid in clinical decision making. Glycosamino
glycans are key players in the ECM and special epitopes (particularly chondroitin sulfate
epitopes) can be detected with unique antibodies such as GD3A10. In the current
paper we focused on ovarian tumors. It is likely, however, that upregulation of special
chondroitin sulfate epitopes, including the GD3A10 epitope, is present in other types
of malignant tumors.
Tumoral tissue is widely used as a starting material for cancer research. Biochemical changes in the tumoral tissue may be reflected in bodily fluids. An important
aspect of tissue derived glycosaminoglycans is that they are present in the blood
and in the urine without (major) structural alteration. This implies that tumor related
glycosaminoglycans can be evaluated in bodily fluids including blood (serum) and
urine, and this will be the next step. Sensitive assays detecting chondroitin sulfate
epitopes associated with ovarian cancer may result in novel approaches for early
diagnosis. The highly complex micro-structure of chondroitin sulfate allows for
the formation of many different epitopes within one glycosaminoglycan chain.
The authors feel that a combination of different anti-chondroitin sulfate single chain
antibodies such as GD3A10 and for instance GD3G7 16 may enhance their discriminative value for diagnostic purposes. However, validation in a prospective and multicenter
setting is warranted before clinical application can be considered.
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Objective: Clinical decision making in ovarian cancer needs new (prognostic) biomarkers. Although
the search for biomarkers has traditionally focused on tumor cells, their surrounding contains
important information as well. Glycosaminoglycans, heterogeneous polysaccharides which are
abundantly present in the stromal compartment, are indicated in several pathological processes
including cancer. In this study we investigated a specific glycosaminoglycan motif (4,6-disulfated
chondroitin sulfate) for its potential as a prognostic biomarker in ovarian cancer.

Methods: 4,6-disulfated chondroitin sulfate presence was studied immunohistochemically using
the single chain antibody GD3G7 on 148 ovarian tumors including benign and malignant tumors,
and tumors with low malignant potential. For comparative purposes p53 and Ki-67 were evaluated. X2 tests, univariate and multivariate Cox proportional hazards analysis were applied for
statistical analysis.

Results: The stroma of malignant tumors showed significantly increased expression of 4,6-disulfated chondroitin sulfate (GD3G7 epitope) compared with benign tumors and tumors with LMP
(p-values <0.000 and 0.002, respectively). Expression of GD3G7 in malignant tumors was signifi
cantly correlated with serous subtype, high tumor grade, advanced FIGO-stage and high CA-125
levels. In patients with advanced FIGO stage GD3G7 expression was significantly correlated with
incomplete debulking and good response to platinum-based chemotherapy. GD3G7 surpassed
both p53 and Ki-67 in statistical analysis. Multivariate survival analysis revealed GD3G7 expression
as an independent predictor for progression free survival.

Condusion: Glycosaminoglycan motifs may form a new class of biomarkers for (ovarian) cancer,
as indicated here for the GD3G7 epitope. Expression of GD3G7 may contribute in therapeutic
decision making and constitutes a potential biomarker for poor prognosis.
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Epithelial ovarian cancer is the fifth leading cause of female cancer death worldwide.
Each year this lethal malignancy accounts for around 67,000 new cases in Europe
and 22,000 in the USA, causing 42,000 and 14,000 deaths, respectively.1’ 2 This high
mortality is primarily a result of late detection and limited therapeutic options. The insidious onset of the disease causes the majority of ovarian cancer patients to present with
advanced FIGO stage (lll-IV), the mean five-year survival being less than 30 percent.3
Although advanced stage patients initially respond well to modern combination chemotherapy, they quickly develop recurrence with chemo-insensitivity and eventually
succumb to the disease. Currently, clinical decision-making in patients with ovarian
cancer is based on prognostic factors including FIGO-stage, tumor grade and residual
disease after cytoreductive surgery. in addition to these classical clinicopathological
factors, independent prognostic biomarkers could offer new opportunities for an individual patiënt approach with eventually a better outcome.
Traditionally, the search for sensitive and highly specific biomarkers has focused on
the tumor cells themselves, addressing cell surface (glycol)proteins. Potential markers
in the tumor cell surroundings (extracellular matrix) have been largely neglected. This
especially holds true for the information-dense class of glycosaminoglycans, highly
negatively charged polysaccharides present in the extracellular matrix. The extensive
biosynthetic modification process (N-, and O- sulfation, deacetylation, epimerization) of
glycosaminoglycans allows for the formation of a large number of different oligosaccharide motifs within and between glycosaminoglycan chains. These motifs mediate a main
characteristic of glycosaminoglycans i.e. the binding and modulation of growth factors,
morphogens and other effector molecules. Glycosaminoglycans have been implicated
in the process of carcinogenesis, including tumor growth, migration, invasion, pathological angiogenesis and metastasis,4 6 and alterations in degree of sulfation have been
reported for various malignant tumors.7-9 Using phage display technology and embryonic glycosaminoglycans, we recently selected the single chain antibody GD3G7, which
strongly reacts with highly sulfated decasaccharides present within chondroitin sulfate
(chondroitin sulfate E), a specific class of glycosaminoglycans (Figure 1). In a pilot study,
an increase of this epitope was observed in malignant ovarian tumors compared to
normal tissue.10 Also, an increase in (highly sulfated) chondroitin sulfates has been
reported for a variety of carcinomas and correlated with aggressiveness of tumors and
poor patiënt outcome.11’12 In ovarian cancer, expression of versican, a proteoglycan
containing chondroitin sulfate, is associated with invasive potential, increased blood
vessel density, and clinical parameters including survival.13’14 An increase of chondroitin
sulfate in serum has been noted in ovarian cancer patients.16
In this study, we used the single chain antibody GD3G7 reactive with 4,6-disul
fated chondroitin sulfate to investigate the expression of a highly sulfated chondroitin
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Figure 1.

Schematic representation of glycosaminoglycans and the single chain antibody GD3G7
Glycosaminoglycans are bound to a core protein, thereby forming proteoglycans. Chondroitin
sulfate is a class within the family of glycosaminoglycans and consists of repeating disaccharide
units of glucuronic acid (GIcA) and galactosamine (GalNac). The antibody GS3G7 reacts with a
highly sulfated domain structure within chondroitine sulfate, containing 4,6-disulfated disaccharides. Antibody GD3G7 is a single chain antibody (ScFv) composed of only the variable regions of
the heavy (VH) and light (VL) Chain of an IgG molecule, connected by linker.
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malignant tumors. We related GD3G7 epitope expression to prognostic parameters
and survival, and compared the data with biomarkers p53 and Ki-67.16-20

2. Materials and methods
2.1 Tissue and patiënt selection
Paraffin-embedded ovarian tumor samples were randomly obtained from the archives
of the Department of Pathology at Radboud University Nijmegen Medical Centre. All
samples were collected during primary surgery between 1998 and 2008 and patients
did not receive neo-adjuvant chemotherapy. An experienced gyneco-pathologist (JB)
reviewed and selected representative tumor sections using H&E slides. Recurrent,
non-epithelial, and extra-ovarian tumors were excluded, as were primary tumors of
the fallopian tube. The final study panel consisted of 148 ovarian tumors inciuding 45
benign tumors (23 serous, 22 mucinous), 41 tumors with LMP (17 serous, 23 mucinous, 1 mixed) and 62 malignant tumors (34 serous, 17 mucinous, 5 endometrioid,
3 clear cell, 3 mixed). For comparative purposes three normal ovaries were included.

2.2 Patiënt cohorts
From a retrospective review of the medical records, clinicopathological data were
collected, inciuding, age at diagnosis, gravidity, body mass index (BMI), Karnofsky
Performance, CA-125 serum level before surgery, menopausal status, and histopathological subtype. From patients with malignant ovarian tumors the foliowing parame
ters were also collected: tumor grade, FIGO stage, residual disease after primary
cytoreductive surgery, adjuvant chemotherapy, chemotherapeutic response, recurrent
disease, progression free survival (PFS), and overall survival (OS). CA-125 serum levels
were interpreted as either normal (s35 U/ml) or elevated (>35 U/ml). Histopathological
subtype and tumor grade were classified according to the World Health Organization
(WHO) criteria.21 Tumor grade was subdivided into low (I) and high grade (ll-lll). Staging
was performed using the International Federation of Gynaecologists and Obstetricians (FIGO) criteria, and was subdivided into early stage (l-ll) and advanced FIGOstage (lll-IV).3 Residual disease after primary cytoreductive surgery was defined as no
macroscopic lesions (complete debulking) or evident macroscopic lesions (incomplete
debulking). Progression-free survival (PFS) and overall survival (OS) were defined as
the time-interval in months between completion of therapy and recurrent disease or
death, respectively. To evaluate response to platinum-based therapy, we compared;
recurrence within 6 months (non-responders), and recurrence after 12 months (good
responders). Recurrent disease was either radiologically or histologically confirmed.
Patients who died from causes other than ovarian cancer were censored on the date
of death.
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2.3 Immunohistochemical analysis of the GD3G7 epitope
Four micron sections were de-waxed in xylene, hydrated with graded ethanol and
blocked for endogenous peroxidase activity. After rinsing in phosphate-buffered saline
containing 0.01% Triton X100 (PBS-T), sections were incubated in 0.1 M citrate buffer
(pH 5.8) for 30 minutes at room temperature, and blocked with 2% bovine serum
albumin in PBS-T. Next, sections were incubated successively with primary antibody
GD3G7, secondary mouse anti-VSV antibody P5D4, and tertiary biotinylated horse-anti-mouse IgG (Vector laboratories Inc.). After incubation with ABC-reagents (Vectastain
ABC anti-mouse-lgG kit, Vector laboratories Inc.), bound antibodies were visualized
using with 3-amino-9-ethylcarbazole. The sections were counterstained with hematoxylin and mounted with Kaiser’s glycerol gelatin (Merck, Darmstadt Germany). Primary
antibodies were omitted for negative Controls and sections with known strong staining
intensity were used as positive Controls.

2.4 Immunohistochemical analysis of p53 and Ki-67
For comparative purposes malignant tumor sections were stained for p53 (DO-7,
Thermo Scientific) and Ki-67 (Mib-1, Thermo Scientific). A pretreatment module (Lab
Vision UK) with heated citrate was used for antigen retrieval. Slides were blocked for
endogenous peroxidase activity and loaded onto an autostainer (autostainer 480, Lab
Vision, UK). The primary antibody was detected using peroxidase-conjugated polyHRP-anti-mouse/rabbit/rat-lgG (Thermo Scientific) and immunoreactions were visual
ized with 3,3-diaminobenzidine. The slides were counterstained with hematoxylin.

2.5 Semi quantitative assessment of the GD3G7 epitope, p53 and
Ki-67 expression
All tumor sections were evaluated by two independent observers (JB and MV) in a
blinded manner without knowledge of the pathological diagnosis or clinical outcome.
A semi quantitative scoring system was used, evaluating both percentage of (peri)
tumoral stroma that stained and the intensity of staining. The percentage of positive
(peri)tumoral stroma was classified as: 0 = no staining, and 1 = 0-5%, 2 = 6-25%, 3
= 26-50%, 4 = 51 -75% and 5 = >75% staining. The intensity was arbitrarily scored
as 0 = negative, 1 = weak, 2 = moderate, and 3 = strong. The overall score was
calculated by adding up both percentage and intensity (minimally 0 and maximally 8
points). Based on a cut-off value of 4 points (median 4.0), two groups were formed; one
group with no-mild expression (s4 points) and one group with intense GD3G7 epitope
expression (>4 points). P53 and Ki-67 expression was scored based on histochemical
cut-off values published elsewere.22,23 Briefly, tumors were qualified with either normal
or overexpression of p53 based on a cut-off of 50%. P53 expression was considered
normal when staining intensity was weak to moderate in up to 50% of the tumor cells;
overexpression was defined as a moderate to strong staining in more than 50% of the
tumor cells. Ki-67 expression was classified based on a cut-off of 20% nuclear staining.
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proliferative index. In case of higher nuclear positivity, tumors were considered to have
a high proliferative index.

2.6 Statistical analyses
Statistical analyses were performed using the software package SPSS 16.0 for Micro
soft Windows (SPSS. Inc., Chicago, IL). Inter observer reliability for antibody expres
sion was determined using Cohen’s Kappa, and found to be 0.67 (data not shown),
which is considered to be sufficiënt to good. Chi-square tests were used for analysis
of the correlation between GD3G7 epitope expression and relevant clinicopathological
parameters (Fisher’s exact test when any expected cell value was <5). Survival estimates were plotted utilizing the Kaplan-Meier method with log-rank test to quantify
survival differences. Univariate and multivariate survival analysis were performed with
Cox proportional hazard modeling. All test were 2-sided and p-values less than 0.05
were deemed to be significant.

3. Result
3.1 Patiënt characteristics
The general patiënt characteristics at time of surgery are listed in Table 1. As expected,
age at diagnosis, serum CA-125 and Karnofsky Performance differed.
The median follow-up time of ovarian cancer patients was 75.5 months (range
11-247). Within the follow-up period 12 patients (19.4%) showed progression of the
disease, 29 patients (46.8%) suffered from recurrent disease after complete remission
and 30 patients (48.4%) deceased.

3.2 GD3G7 epitope expression in ovarian tumors
As reported previously, GD3G7 epitope expression was primarily present in the tumoral
stroma,10whereas it was absent in normal stroma (Figure 2A). Benign tumors were either
negative or showed minimal stromal expression of the GD3G7 epitope (Figure 2B). In
the latter case, staining was seen directly underlining epithelial cells that displayed some
morphological alterations such as multilayering, but without evident atypia. Tumors with
LMP showed a more heterogeneous expression pattern compared to benign tumors,
but the majority was characterized as having no-mild expression of the GD3G7 epitope.
Depending on the extent of borderline alterations, such as multMayering of the epithe
lial cells, atypia, accumulation of mitotic figures, desmoplastic stromal response and
feasible micro-invasion, increased expression was observed (Figure 2C). The majority
of malignant tumors showed prominent intense expression underneath the tumor cells
(Figure 2D) and the peritumoral stroma (2E).
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Normal ovary

Figure 2.

D

Serous benign tumor

Location and semi-quantitative scoring of the 4,6-disulfated chondroitin sulfate epitope
detected by single chain antibody GD3G7 in ovarian tissue,
A, normal ovarian tissue, negative for the GD3G7 epitope. B, serous benign tumor with negative-mild expression of the GD3G7 epitope just beneath the epithelial lining. C, serous tumor with
LMP showing weak to moderate intensity of the GD3G7 epitope, covering only a small percentage
of the stroma and scored as ‘mild’ stromal expression of the GD3G7 epitope. D, serous malignant
tumor showing strong intensity of the GD3G7 epitope under the epithelial tumor oell lining with
transition to the less affected stromal parts. E, serous malignant tumor showing strong intensity
of the GD3G7 epitope staining of a large part of the stroma surrounding the tumor cells, scored
as intense expression of the GD3G7 epitope. F, overall scoring of the study panel (n=148). For full
color pictures see chapter 10.

135
___________ p < o.ooo_______

100-.

= no-mild
■■ intense

p = 0.003
p = 0.002

o

0

Benign

LMP

Malignant

The overall scoring of all ovarian tumors is shown in Figure 2F. Malignant tumors showed
significantly stronger expression of the GD3G7 epitope compared to both benign
tumors (p <0.000) and tumors with LMP (p = 0.002). In addition, tumors with LMP
showed significantly stronger expression of the GD3G7epitope compared to benign
tumors (p = 0.003). Serous malignant tumors, considered to be the most aggressive
subtype, primarily exhibited the highest scores and intense expression of the GD3G7
epitope.

3.3 Relation of GD3G7, p53 and Ki-67 expression with
clinicopathological parameters in ovarian cancer patients
Table 2 shows the statistica! analysis of the expression levels of GD3G7 epitope, p53
and Ki-67, with clinicopathological prognostic parameters. Intense expression of the
GD3G7 epitope was present in 41 malignant tumors (66.1 %) and was correlated with
prognostic parameters including, serous subtype, high tumor grade, advanced FIGO
stage and elevated levels of CA-125 at diagnosis. P53 was correlated with serous
subtype, tumor grade and advanced FIGO stage, whereas Ki-67 correlated with serous
subtype and tumor grade.
To evaluate potential correlations with primary cytoreductive surgery outcome we
addressed patients with advanced disease (n=38). Intense expression of the GD3G7
epitope was significantly correlated with incomplete debulking (p = 0.012). Ftowever,
patients with evident macroscopic lesions after surgery showed a significantly better
response to platinum-based chemotherapy when intense GD3G7 expression was
present, as reflected in >12 months of PFS (p =0.039). P53 and Ki-67 did not show any
correlation with surgery outcome or response to platinum-based chemotherapy.
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Table 1 C lin ico p a th o lo g ica l data o f th e p a tië n t co h o rt (n= 1 4 8 )

Age (years)
Gravidity
BMI (kg/m2)
Karnofsky performance
CA-125 (kU/l)

Benign tumors
(n = 45)
Median (range)

Tumors with LMP
(n = 41)
Median (range)

Malignant tumors
(n = 62)
Median (range)

46.3
1,5
23.4
90
18.4

51.9

55.6

(23.0-90.0)

2.0

(0-10)
(15.6-46.3)
(40-100)
(2.0-8820.0)

(13.0-86.0)
(0-9)
(15.9-41.2)
(70-100)
(2.6-88.9)

2.0
25.6
90
140.9

(28.0-82.0)
(0-16)
(18.1-46.3)
(60-100)
(4.0-2700.0)

25.1
80
697.8

Menopauzai state (n)
premenopauzal
postmenopauzal

28
17

.

17 ______

24

..

24
38

Epithelial subtype (n)
serous

23

mucinous

22
0
0
0

endometrioid
clear cell
mixed

17
23

0
0
1

34
17
5
3
3
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Kaplan Meier analysis for GD3G7 epitope, p53 and Ki-67 expression with respect to PFS and 05
of ovarian cancer patients.
A and B, PFS (A) and OS (B) analysis for GD3G7 epitope expression dichotomized for mild and
intense expression. C and D, PFS (C) and OS (D) analysis p53 expression dichotomized for normal
p53 expression and p53 overexpression. E and F, PFS (E) and OS (F) analysis for Ki-67 expression
dichotomized for low and high (proliferative) index. Log-rank p-values are indicated. Note: Malig

nant ovarian tumors were never negative for GD3G7 epitope expression.

TabLe 2.

Statistical analysis of QD3G7 epitope, p53 and Ki-67 expression with clinicopathological prognostic parameters of ovarian cancer patients (n=62)

GD3G7 expressionq
M ild

Intense

n

%

n

%

Serous

5

14.7

29

Mucinous

12

70.6

Endometrioid

1

20.0

Clear cell

2

66.7

Mixed

1

33.3

p53 expression

p-value

Normal

Overexpression

n

%

n

%

85.3

14

41.2

20

5

29.4

13

81.3

4

80.0

1

20.0

1

33.3

2

2

66.7

0

Low grade (I)

10

76.9

3

23.1

High grade (ll/lll)

11

22.4

38

77.6

58.8

7

20.0

27

80.0

3

18.7

12

75.0

4

25.0

4

80.0

1

20.0

4

80.0

66.7

1

33.3

0

0.0

3

100.0

0.0

3

100.0

1

33.3

2

66.7

8

66.7

4

33.3

13

26.5

36

73.5

Early stage (l-ll)

13

54.2

11

9

37.5

15

62.5

Advanced stage (lll-IV)

8

21.1

30

45.8
78.9

12

32.4

25

67.6

91.7

1

8.3

19

38.8

30

61.2

0.009*

0.684

0.006*
17

70.8

7

29.2

13

35.1

24

64.9

1.000

0.500

0.006*

CA-125 (n=61)

<0.000*

0.001*
11

p-value

n______ %_____________

0.008*

0.008*

FIGO Stage

High
%

<0.000*

Tumor Grade

Low
n

<0.000*

Histology1

Ki-67 proliferation index
p-value

<;35 U/ml

7

77.8

2

22.2

5

55.6

4

44.4

3

33.3

6

66.7

>35 U/ml

14

26.9

38

73.1

25

49.0

26

51.1

17

33.3

34

66.7

No macroscopic lesions

4

66.7

2

33.3

2

33.3

4

67.7

1

16.7

5

83.3

Evident macroscopic lesions

4

12.5

28

87.5

11

35.5

20

64.5

11

35.5

20

64.5

Advanced FIGO stage (n=38)
0.012*

Residual disease after primary cytoreductive surgery

0.321

0.360

0.039*

Chem otherapeutic response (n=18)

0.641

0.920

(patients with evident residual macroscopic lesions)

< 6 months recurrence (n=8)

3

37.5

5

62.5

3

42.9

4

57.1

4

57.1

3

42.9

>12 months recurrence (n=10)

0

0.0

10

100.0 I

4

40.0

6

60.0

3

30.0

7

70.0

+Statistical significant, *X2-test for serous compared to mucinous histopathological subtype. Note; for p53 and Ki-67 one sample is missing due to processing problems

Table 3.

Cox regression analysis of clinicopathological parameters in ovarian cancer patients with advanced FIGO stage (n=38)

PFS
HR (95% Cl)

OS
p-value

HR (95% Cl)

0.102

FIGO-stage

1.00(reference)

1.00(reference)

IV (n=9)

1.96(0.88-4.38)

1.21 (0.45-3.24)
0.399

Low grade (1) (n=3)

1.00 (reference)

High grade (IMII) (n=35)

1.85(0.44-7.78)

Other (n=13)

1.00 (reference)

Serous (n=25)

0.38(0.18-0.79)

Outcome primary cytoreductive surgery
Complete debulking (n=6)
Incomplete debulking (n=32)

Mild (n=8)
Intense (n=30)

22,86(0.035-14732.55)

0.012f

0.068

1.00(reference)

1.00(reference)

0.47(0.21-1.06)

1.00(reference)

1.00(reference)

2.05(0.61-6.83)

1.98(0.46-8.51)

0.026*

0.160

1.00(reference)

3.43 (1.16-10.16)

3.32(1.12-9.81)
0.837

Normal (n=13)

1.00(reference)

1.00(reference)

Overexpression (n=24)

1.04(0.51-2.14)

1.09(0.48-2.47)

0.201

Ki-67 proliferation index

0.030*

1.00(reference)

2.38(0.71-7.99)
0.896

0.56 (0.24-0.89)
0.367

1.00 (reference)

1.00(reference)

0.163

1.00 (reference)

0.39(0.19-0.81)
0.244

3.41 (1.03-11.31)

p53 expression

p-value

0.343

0.045t

GD3G7 expression

OS
p-value____ HR (95% Cl)

1.00(reference)
0.010*

Histology

HR (95% Cl)

0.699

lil (n=29)

Tumor grade

PFS
p-valus

0.010f

0.01 ot

Low (n=12)

1.00(reference)

1.00(reference)

1.00 (reference)

High (n=25)

0.63 (0.30-1.29)

0.36(0.17-0.79)

0.36(0.17-0.79)

Hazard ratios (95% Cl) of established prognostic factors in ovarian cancer assessed by Cox regression analysis for PFS and OS. Statistical significant t Abbreviations:
Cl, confidence interval; HR, Hazard ratio
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3.4 Relation of GD3G7 epitope, p53 and Ki-67 expression with
survival
Survival analysis included only patients with advanced disease (FIGO III and IV). Figure
3 shows the Kaplan-Meier curves of GD3G7 epitope, Ki-67 and p53 expression with
respect to PFS and OS in ovarian cancer patients.
Intense GD3G7 epitope expression was correlated with a significantly shorter median
PFS of 6.5 months (range 0-45), compared to 24 months (range 0-187) for no-mild
expression, log-rank p-value: 0.014 (Figure 3A). Intense expression was also associated
with shorter OS, showing a median survival time of 25 months (range 0-116) compared
to 31 months (range 4-116) for no-mild expression, log-rank p-value: 0.143 (Figure 3B).
Overexpression of p53 could not differentiate for shortened or elongated PFS or OS,
log-rank p-values 0.890 and 0.835, respectively (Figure 3 0 and 3D). Ki-67 expression
was not associated with PFS. But a high Ki-67 index was significantly correlated with
shortened OS, log-rank p-value 0.014.
Univariate analysis using the Cox proportional hazard model for prognostic param
eters confirmed our Kaplan-Meier findings, showing significant prognostic value for
GD3G7 epitope expression in PFS. In addition, histopathological subtype and residual
disease after primary surgery were significant predictors for PFS in univariate analysis as
well (Table 3). Significant parameters in univariate analysis were entered in multivariate
analysis. GD3G7 epitope expression and histological subtype were both identified as
independent predictors for PFS. Residual disease was not associated with decreased
PFS in multivariate analysis. Ki-67 showed prognostic value for OS in both univariate
and multivariate analysis.

4. Discussion
In an attempt to find novel biomarkers for ovarian cancer, we focused in this study
on tumor-related alterations of the extracellular matrix. Rather than focusing on matrix
proteins, we turned to a special class of matrix polysaccharides, the glycosamino
glycans. A special feature of this class of molecules is that due to the nature of the
biosynthetic apparatus, multiple oligosaccharide domain structures can be formed in
response to altered cellular conditions. We previously reported on a specific motif structure (a decasaccharide rich in 4 ,6 -0 disulfated disaccharides) defined by the antibody
GD3G7, which is upregulated in the matrix of malignant ovarian tumors.10 In the current
study we confirmed this finding. Furthermore, we observed a Progressive increase of
GD3G7 epitope expression from benign tumors towards tumors with LMP towards
invasive malignant carcinoma. Histological features such as desmoplasia of the stroma
and feasible micro-invasion have been correlated with tumor progression and poor
prognosis in LMP tumors.24’ 25 The association between prognostic unfavorable characteristics of LMP tumors and GD3G7 epitope expression may point at an oncogenic
relation between LMP and invasive carcinoma.
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were more likely to suffer from incomplete debulking when the tumor exhibited intense
GD3G7 epitope expression, however, they were also expected to be good responders
to platïnum-based chemotherapy. In contrast to GD3G7, P53 and ki-67, which are
generally important identifiers for more aggressive cancer types, inciuding ovarian
cancer, were not correlated with important parameters such as residual disease after
surgery and platinum based chemotherapeutic response. In survival analysis, GD3G7
epitope expression revealed to be an independent predictor for PFS.
The importance of stroma-cell interaction in cancer progression has been widely
studied and it has been shown that biomarkers can be derived from stroma as well as
from tumor cells.26'27Although its specific role in tumorigenesis has not been completely
elucidated, increased expression of proteoglycans containing chondroitin sulfate (e.g.
versican) have been related to a number of cancers inciuding, breast, lung and skin
cancer.28-30 Highly sulfated chondroitin sulfate binds growth factors important for tumor
igenesis, inciuding FGF-2 and VEGF,31 and has been associated with the metastatic
potential of tumor cells.[32] In both murine metastatic osteosarcoma and Lewis lung
tumors, high expression of the GD3G7 epitope has been noticed.33,34
Patiënt outcome in ovarian cancer mainly depends on the residual tumor mass after
surgery. The choice for chemotherapy as prior treatment is subjective, depending on
bulky disease in the upper abdomen, high levels of CA125 and estimated inoperability based on CT. Since incomplete debulking and good response to platinum-based
chemotherapy was associated with intense GD3G7 expression, clinical decision making
for the initial treatment of ovarian cancer patients could possibly benefit from the use of
biomarkers, such as stromal expression of GD3G7.
In conclusion, future in-depth studies are warranted to elucidate the functional
mechanism underlying the role of specific glycosaminoglycan motifs, especially of the
GD3G7 epitope. But the class of glycosaminoglycans comprise an attractive group
of molecules which show potential for cancer diagnostics. Single chain antibodies,
defining specific glycosaminoglycan motifs up regulated in tumors, are important tools
in this respect, as illustrated here for ovarian cancer. Since the molecular structure of
glycosaminoglycans is not basically altered prior to urinary excretion, non-invasive diag
nostic procedures are feasible. This study may serve as a starting point for the use of
glycosaminoglycan motifs as novel biomarkers for (ovarian) cancer.
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Intense GD3G7 epitope staining in malignant tumors was correlated with serous subtype,
high tumor grade, FIGO stage and high levels of CA125. Patients with advanced disease
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Despite some progress in treatment, ovarian cancer remains the number one lethal malignancy
of all gynecological cancers. This high lethality is primarily caused by its aggressive growth and
spread. Currently, no screening or early diagnostic tools are available. As a consequence, the
majority of patients have metastatic disease at time of diagnosis and present with advanced FIGO
stage and poor prospects for the future.1 A better insight in the pathological mechanisms under
lying this aggressive and deadly malignancy may provide new opportunities for early diagnosis and
personalized treatment.
Until recently most attention in cancer research was garnered by the tumor cells as the most
important compartment of solid tumors. We now know that the complex extracellular matrix
surrounding tumor cells is equally important for progression of malignant disease.2 Through de
novo synthesis and alteration of pre-existent matrix, tumor cells attempt to create an environment
facilitating tumor cell growth and survival. This environment contains an excess of growth factors,
cytokines, chemokines and inflammatory mediators. In fact, factors and cells that do not support
tumor growth are usually down regulated in the tumoral microenvironment.3'4 In addition to an
increase of various growth factors, the tumoral matrix is characterized by a significant increase in
glycosaminoglycan content,5'6 Glycosaminoglycans come in various flavors, each with their own
special properties. Highly sulfated chondroitin sulfates, and especially CSE variants, are among
the key players affecting cell properties and functions, acting directly on cell receptors or via interactions with free soluble factors.7 These multifaceted roles make chondroitin sulfate an attractive
target for novel stromal therapy.
In this thesis we studied the extracellular matrix, e.g. chondroitin sulfate glycosaminoglycans,
in malignant ovarian tumors in order gain insight in its functional roles. In addition, we intended to
find novel tumor markers which might offer an additional approach for ovarian cancer diagnosis
and therapy.
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Studying chondroitin sulfate (micro)structure
Chondroitin sulfate chains vary widely in structure including length, arrangement of
disaccharide units, charge density, sulfation pattern and configuration.8 lts fine structure
determines the specificity of functions and interactions with various growth factors.9
Elucidating these special (binding) domains is of great importance. However, the study
of glycosaminoglycan fine structure has already seen many problems. One of the major
obstacles is that glycosaminoglycan synthesis is not based on a fixed template, like
DNA synthesis. Also the identification of enzymes involved in the biosynthesis is still in
progress.10'1'
Most information regarding chondroitin sulfate fine structure has been obtained
using a combination of techniques such as; enzymatic degrading methods, high perfor
mance liquid chromatography (HPLC) disaccharide analysis, nuclear magnetic resonance (NMR) spectroscopy, and agarose gel electrophoresis.12 Al these techniques
are carried out on readily available chondroitin sulfate chains which are isolated from
various organisms. Moreover, all mentioned techniques only cover a small portion of
the total chondroitin sulfate chain structure, therefore it is important to consider that
chondroitin sulfate function is context dependent and interaction with the proteoglycan
core protein cannot be wiped out. The configuration within the chondroitin sulfate
proteoglycan molecule makes careful examination warranted, because isolated chon
droitin sulfate chains may exhibit different functions compared to chondroitin sulfate in
a proteoglycan context.
Thus far, glycosaminoglycans could only be properly extracted from fresh (frozen)
tissue. Also, disaccharide analysis could only be done on fresh (frozen) tissue. Archiving
of clinical valuable tissue samples is generally done by formalin fixation and paraffin
wax embedment. Hospitals all over the world store large quantities of formalin-fixed,
paraffin-embedded (FFPE) patiënt derived material which is generally used for histopathological examination. Extraction of DNA and RNA form these samples has now
been widely applied and has offered tremendous experimental opportunities such as
microarray analysis. In this thesis we showed that glycosaminoglycans extracted from
FFPE tissues were structurally similar to glycosaminoglycans extracted from frozen
tissues. The fact that patiënt related data of many years can be recovered from the
related patiënt files makes the use of this archival material an interesting source for
cancer research.
The development of monoclonal antibodies directed against chondroitin sulfate has
contributed greatly to the localization of chondroitin sulfate in various tissues. Many
examples have passed in review. For example, CS56 has been widely applied in immunohistochemistry detecting CS variants. It is now known that CS56 reacts with CSA
and CSC. However, the total epitopic structure it recognizes is poorly characterized.
Antibody GD3G7, as applied in this thesis, recognizes domains rich in CSE. The exact
structural composition of the epitope recognized by GD3G7 remains to be deter-
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minimum of three consecutive E-units was important for antibody recognition.13
In this thesis we made use of single chain antibodies inciuding GD3G7 and the novel
developed GD3A10 antibody. We used embryonic glycosaminoglycans as a source for
carcinogenic epitopes. Single chain antibodies are minimal structures of functional anti
bodies, only consisting of the variable regions of heavy and light chain of an IgG mole
cule connected by a linker.14 Producing single chain antibodies is generally simple and
inexpensive. Clinical application of single chain antibodies would have several advantages compared with the more generally applied IgG molecules. These small sized
single chain antibodies possess only low immunogenicity, show easy tissue penetration
and are rapidly cleared from the circulation. However, application in ELISA-like assays
is troublesome. One of the obstacles could be the instability of plate-coating.

Extracellular chondroitin sulfate, potential tumor
markers in ovarian cancer
Novel tumor markers are urgently needed to improve the management of ovarian
cancer. In the end, early diagnosis of ovarian cancer is the only way to improve patiënt
outcome. To this end, finding its precursor lesion is of inevitable importance. Unfortunately, one of the major obstacles for the development of screening modalities in
ovarian carcinoma is the fact that the precursor lesion of ovarian carcinoma is still
unknown. Many hypotheses have passed in review inciuding borderline tumors of
various histopathology originating from the ovarian epithelial surface, serous intraepithelial carcinomas (STICs) originating from the epithelial lining of the Fallopian tube, and
even the endometrial intraepithelial carcinomas (EICs) in the uterus may be precursors
of ovarian carcinoma. Recently a dividing theory has been proposed by Kurmann et
al. This theory subdivides ovarian tumors in slowly growing tumors developing from
a known precursor (Type I) and fast, aggressively growing tumors of unknown origin
(Type II).16
CSE, as shown in this thesis with antibody GD3G7, is overtly present in the ovarian
cancer micro-environment.16 An upregulation of GD3G7 epitope expression was seen
in the intratumoral stromal compartment en directly at the invasion front of tumor cells.
We compared benign with malignant ovarian tumor tissue and found that CSE presence
was associated with malignant transformation. The Progressive increase of GD3G7
expression observed in benign towards borderline towards invasive malignant tumors
is in line with the evolution of type I ovarian tumors. Moreover, it shows the potential
of extracellular tumor markers of finding malignant transforming tumor cells at an early
stage.
The large histological diversity of ovarian cancer makes this tumor hard to study.
Depending on the epithelial subtype and tumor grade, ovarian cancer cells tend to

Chapter 7 I General discussion and future perspectives

mined, however, it has been recently demonstrated that a decasaccharide containing a

proliferate and metastasize either fast or slow. As a consequence, the clinical presentation is subjected to large variation and ovarian cancer should no longer be recognized as a single entity, but rather as a group of different diseases sharing the same
anatomical location. An approach from the extracellular matrix offers new opportunities,
in this respect. Extracellular matrix alterations that occur during tumor cell invasion
and pathological angiogenesis are generally similar for different types of cancer. In this
way, the wide histological variation seen in ovarian cancer could be (partly) avoided
when we focus on the extracellular matrix. In this thesis we showed that overexpression of chondroitin sulfate, as defined with both antibodies GD3G7 and GD3A10, is
present in all histological subtypes of malignant ovarian tumors. In addition, absence
was noted in benign ovarian tumors and normal ovaries. It was also found that high
grade serous ovarian carcinomas, generally the most aggressive subtype, displayed
the largest increase in GD3G7 and GD3A10 expression. Linking intense expression of
these antibodies with fast tumor progression and consequently poor patiënt outcome.
In this thesis we made use of ovarian cancer tissue. Obtaining preoperatively ovarian
cancer tissue, however, is a general ‘no-go’ in diagnostics because of the iatrogenic
spread of tumor cells throughout the abdomen. Still, biochemical analysis of cancerous
tissue is an interesting tooi to find novel prognostic and predictive tumor markers and
obtain better insight in the tumor characteristics. Prognostic markers might aid in the
risk assessment of ovarian cancer patients, whereas predictive markers could be used
to determine which type of tumor will respond to which type of treatment in order to
predict the efficacy of therapeutics. Also the treatment strategy could be adapted to
tumor marker expression profiles. For instance, GD3G7 was overexpressed in patients
showing large residual tumor mass after rigorous debulking surgery. However, these
tumors also tended to respond well to platinum based chemotherapy. The choice which
treatment should be first, chemo or surgery, should be based on objective factors,
however, is now merely based on subjective insight. The use of tumor markers such as
GD3G7 combined with for instance CA125 or p53 might direct clinical decision making.

Chondroitin sulfate, a potential target for ovarian
cancer therapy
Glycosaminoglycans as a source for tumor markers, applied in targeted therapy has
its pros and cons. As already mentioned, glycosaminoglycans are involved in many
physiological and pathological processes. Therefore, it is essential to determine which
exact epitopes are specifically up regulated in the cancerous environment. Moreover,
it is important to reveal whether this increase is due to direct tumor action or is a reaction brought about by healthy host cells to encounter malignant transformation and
progression of disease. In this respect, our results of CSE presence in the in vivo situation of growing tumor cells (chapter 3) was somewhat puzzling.
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proposes that an appropriate host micro-environment is needed for optimal growth and
spread of tumor cells. In addition, tumor cells are able to bring their own soil for efficient
secondary tumor growth. It was therefore postulated that one of the functional roles
CSE possesses could be the facilitation of tumor cell migration at the invasion front of
tumor cells. The opposite proved to be true, tumor cell migration was inhibited in the
presence of CSE. Since the tumoral micro environment is generally characterized with
an increase of tumor facilitating molecules this was unexpected.
It was recently shown by Mizumoto et al. that downregulating membrane-bound
CSE resulted in a significant decrease in ECM adhesion.17 Because of the potent
binding characteristics of CS-E with numerous growth factors and important adhesion
molecules such as P/L selectins p-integrins and N-cadherin.18-20 CS-E could act as an
intermediate molecule in cell-to-cell and cell-to-matrix adhesion, and this mechanism
could be utilized by tumor cells. The more firm formation of spheroids, which could be
inhibited with chondroitinase ABC, is in concordance with this. Good adhesive proper
ties of tumor cells and the formation of compact spheroids have been suggested to be
important features for tumor cell survival during the metastatic cascade,21'22 providing
an important protective shield against the immune system and chemotherapy. Appro
priate targeting of CSE in the tumor stromal compartiment prior to chemotherapy could
therefore be an additional step to make tumors more sensitive for chemotherapy.23
CSE has shown strong affinity for many angiogenic growth factors including VEGF.
VEGF is strongly upregulated in ovarian carcinomas and strong increase of VEGF in
ovarian cancer patients has been correlated with poor prognosis.24 Interfering with the
binding properties of CSE for VEGF might offer a new entry for therapy directed against
pathological angiogenesis.

Future perspectives
Results obtained in this thesis demonstrate that novel diagnostic and prognostic
biomarkers can be deduced from a specific class of molecules in the extracellular
matrix, viz. chondroitin sulfates. Moreover, highly sulfated chondroitin sulfate could be
a potential new target for cancer therapy.
Future studies should focus on the feasibility of these epitopes for application in a
clinical setting. An important aspect of tissue derived glycosaminoglycans is that they
are liberated in the blood and urine without (major) structural alteration. This implies
that tumor related glycosaminoglycans can be evaluated in bodily fluids. Since tissue
sampling for ovarian cancer diagnostics is unethical and impracticable, the develop
ment of a serum (or urine) based assay should be the next step. Moreover, chondroitin
sulfate biomarkers may be used to monitor response to treatment, and as a follow up
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CSE, as expressed with GD3G7, was shown to be overtly present in both primary
tumors and metastasis of serous ovarian tumors. The 'seed and soil' hypothesis
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tooi for early detection of recurrence. As mentioned previously, single chain antibodies
(such as GD3A10 or GD3G7) are not ideal for an ELISA-like setting. In order to obtain a
more stable antibody, our single chain antibodies could be recloned into IgG molecules.
However, this process could be at the expense of antibody specificity. In addition, the
total amount of liberated GD3G7 epitopes is probably very limited, so the final concentration of measurable CSE will be very low. As such, a very sensitive assay is required
for CSE detection at an early stage of ovarian cancer.
Currently, the choice for chemotherapy or surgery as prior treatment is largely
subjective, depending on tumorous lesions in the upper abdomen, CA125 levels and
estimated inoperability based on imaging techniques such as MRI and CT. The final
prognosis is largely depending on residual tumor lesions after surgery. Novel imaging
techniques are feasible when single chain antibodies are radioiodinated. This has already
been shown in mice suffering from amyloidosis where amyloid deposits were visualized
using radioiodinated single chain antibodies combined with SPECT imaging.25 Preoperative staging using chondroitin sulfate antibodies could be an important tooi in
clinical decision making, especially for judgment of tumor resectability which is an
important step towards better patiënt outcome.
Because chondroitin sulfate plays important roles in both biology and pathology,
care should be taken when applying therapies based on special chondroitin sulfate
epitopes. Monoclonal antibodies such as GD3G7 and GD3A10 show many advantages
in this respect. Since the cDNA encoding the antibodies is readily available, novel fusion
molecules can be constructed linking the antibody to a toxin thus combining target
specificity and toxicity. These single chain antibodies can also be chemically linked to
widely used non-specific chemotherapeutic drugs (such as doxyrubicin) offering new
opportunities for targeted therapy regarding the tumoral extracellular matrix, in addition
to cytotoxic therapy to tumor cells.
With respect to the origin of serous ovarian carcinoma, CSE should be considered as a potential intermediate factor. Tumoral lesions in the fallopian tube have
been proposed as a possible precursor lesion for serous ovarian carcinoma (or type
II tumors). During one of the staining procedures applied for GD3G7 expression we
accidentally saw intriguing GD3G7 expression in the tubal epithelial lining near serous
tumoral lesions of the ovary (Figure 1). This implicates a potential role for CSE in the
evolution of type II ovarian carcinomas, and should be further explored.
The newly developed procedure for extraction of glycosaminoglycans from paraffin
embedded material allows the use of abundantly stored pathological samples. Ideally
different parts of pathological tissue sections can be identified using general staining
procedures and separated by laser microdissection in order that glycosaminoglycans
can be separately isolated and analyzed.
Ultimately, we believe chondroitin sulfate is one of the key players in the ovarian
cancer micro-environment. lts exact characterization will have profound implications for
early detection, treatment and follow-up of ovarian carcinoma.
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Fallopian tube sections near serous ovarian carcinoma.
GD3G7 expression is seen intracellular in the serous lining of the fallopian tube.
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Worldwide, ovarian cancer is the leading cause of death among gynecologic malignancies. In
the Netheriands, ovarian cancer has an incidence of 1300 with approximately a 1000 deaths
per year. This high mortality is predominantly caused by late detection and limited options for
therapy. Approximately 80% of patients with primary ovarian cancer show good response to firstline chemotherapy. However, despite advances in surgical and chemotherapeutic options, the
majority of patients will relapse within a few years and eventually succumb to the disease. 5-year
survival being less than percent.
Improving ovarian cancer patiënt outcome can only be accomplished with early detection
and targeted therapy. For this purpose, tumour markers may offer new opportunities. Tumour
markers serve many purposes in disease management including; screening, diagnostics, prediction and prognosis. Moreover, if accurately applied, antigens revealed by tumor markers could
be addressed to hinder or even stop cancer progression. Over de years, there has been loads
of research on tumour markers in ovarian cancer. However, only a few markers have been put
into clinical practice. For example, tumour marker CA125 was widely used in diagnostic proce
dures. However, this has generally been withdrawn because of its lack of sensitivity and specificity.
CA125 is no longer used in diagnostics but only for the follow-up in already diagnosed and treated
ovarian cancer patients.
One of the major draw-backs in ovarian cancer research is the large heterogeneity the tumour
displays. Ovarian carcinoma comprises a large group of malignant tumours of various subtypes
and differing differentiation. Although several studies have been done in an attempt to understand
the carcinogenic process, progress is slow. In the past, the focus of ovarian cancer research has
predominantly been on ovarian cancer cells. As a consequence, the development of novel tumour
markers has also evolved around cancer cells. However, malignant tumours comprise more than
just cancer cells. It is now clear that the tumoral micro-environment plays an essential role in every
step of (ovarian) cancer progression. Without appropriate modulation of the environment, benign
neoplasms will never become malignant invasive cancers. The distinct heterogeneity displayed by
ovarian cancer cells is not so prominently present in the stromal compartment, therefore tumour
markers derived from this compartment may hold promise.
A defining feature of the tumoral stroma is the extracellular matrix (ECM), a complex network of
proteins and polysaccharides, including glycosaminoglycans. A well-operating ECM is crucial for
healthy organ function, providing architectural support and molecular cues to the tissue. Changes
in the ECM, especially modulating the glycosaminoglycan framework are essential in tumour
progression, i.e. tumour growth, pathological angiogenesis and metastasis.
This thesis focusses on chondroitin sulfate, a special class of glycosaminoglycans which
plays important roles in physiological as well pathological conditions. Chondroitin sulfate is made
up of a linear chain of repeating disaccharides of alternating glucuronic acid and N-acetylgalactosamine. Differences in length and sulfation provides chondroitin sulfate with a large number of
distinct oligosaccharide domains, which are the sloths onto which growth factors and their receptors act. Highly sulfated chondroitin sulfate (including CSE), which has strong binding affinity for
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various growth factors, is strongiy upregulated in different types of malignant tumours. This finding
suggests special features and roles for this group of glycosaminoglycans in cancer progression,
Moreover, since chondroitin sulfate (and glycosaminoglycans in general) are poorly immunogenic,
antibody development for different chondroitin sulfate epitopes may offer new opportunities to
address this glycosaminoglycan for tumour marker development.
The ubiquitous upregulation of highly sulfated chondroitin sulfate in ovarian tumours and the
active involvement of chondroitin sulfate in cancer progression renders chondroitin sulfate as an
excellent tumour marker with diagnostic and (specifically targeted) therapeutic value in ovarian
cancer. This provided a framework for the following chapters;
Chapter 1 contains the general introduction of the thesis and describes the background and
rationale of the studies performed. After a short introduction on ovarian cancer, we address the
heterogeneous pathology of ovarian cancer and its unknown origin. It is clear that, although much
effort has been put into gaining more insight in ovarian carcinogenesis, only limited progress has
been made. The cells micro-environment, the ECM, is put forward as an alternative approach for
ovarian cancer management. To that end, the different classes of glycosaminoglycans present in
the ECM of normal ovaries are described. Thereafter the changing tumoral micro-environment is
introduced and chondroitin sulfate is put forward as the focus of this thesis.
In chapter 2 we executed a review on chondroitin sulfate and its manifold roles in the (ovarian)
cancer micro-environment. In addition, the clinical relevance chondroitin sulfate has for diagnostic
and therapeutic purposes in ovarian cancer were addressed. We described qualitative and quantitative changes observed in the chondroitin sulfate fraction in the tumoral extracellular matrix of
many different malignancies, inciuding ovarian cancer. These biochemical changes of chondroitin
sulfate are shown to have important mechanistic consequences. We provided a detailed overview
of the roles chondroitin sulfate plays in tumour growth, angiogenesis, dissemination and immunomodulation. The changes observed in chondroitin sulfate also provides novel handles for innovative strategies for early diagnosis and ways to interfere in carcinogenic processes. We described
the initial attempts that have been made to inhibit the tumorigenic role of chondroitin(proteoglycans) inciuding the use of (blocking) antibodies, chondroitin sulfate mimetics, degrading enzymes,
and other specific targeting strategies.
High lethality in ovarian cancer is primarily due to rapid metastasis of the tumour. In chapter 3 we
propose a functional role for highly sulfated chondroitin sulfate (CSE) in ovarian cancer metas
tasis. Ovarian cancer dissemination occurs predominantly through direct extension to adjacent
organs and seeding of tumour cells on the peritoneal surface through the flow of ascites. Manifest
presence of CSE was observed in the stromal compartment of both primary ovarian carcinomas
and abdominal ovarian metastases. We also found that CSE may be one of the adhesion mole
cules involved in the adherance between cancer cells and stroma. The "seed and soil” hypothesis
proposed by Stephen Paget in 1889, suggests that an appropriate host micro-environment (the
soil) is needed for the optimal growth and spread of tumour cells (the seed). The upregulation of
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extracellular matrix, providing the appropriate soil for tumour growth and angiogenesis. The binding
properties of CSE for a large variety of tumour associated growth factors may be instrumental in
this regard. Consequently, the presence of tumour soil may facilitate tumour cell dissemination.
Different studies have suggested that compact formation of tumor cell aggregates (spheroids),
is associated with more aggressive tumour behavior. Therefore, identifying adhesion mole
cules responsible for adherence between cancer cells and stroma may provide new targets for
anti-metastasis therapy. We found that spheroid formation was inhibited when chondroitin sulfate
digesting enzymes were added during the process. Stable transfection with DNA encoding for
GalNAc4S-6ST in ovarian tumour cells (SKOV3 cells) induced overexpression of CSE disaccharide
units which improved the adhesive properties of tumour cells. When we put the transfected cells
into collagen matrices we discovered that cell migration was restricted and tumour cells were
forced to stay together. Moreover, normal SKOV3 cell migration was constrained in an environ
ment containing high concentrations of CSE. We concluded that, if specifically addressed, CSE
containing chondroitin sulfate may be a potential target for ovarian cancer therapy. Moreover,
single chain antibodies addressing CSE can be chemically linked to widely used non-specific
chemotherapeutic drugs offering opportunities for targeted therapy.
In hapter 4 we described the development of a novel method to extract glycosaminoglycans from
formalin-fixed,paraffin embedded (FFPE) tissue. We compared glycosaminoglycans extracted from
FFPE tissues with glycosaminoglycans extracted from frozen tissue and confirmed their structural
similarity. We used laser microdissection on different types of human pathological skin (normal
skin, keloid and psoriasis) as well as on different human skin layers (reticular and papiilary dermis).
This method shows repeating accuracy even on very small amounts of tissue. It will put forward
structural study of glycosaminoglycans and allows the use of FFPE samples (including various
tumors) stored in hospitals worldwide for structural glycosaminoglycan analysis.
Because of the crucial role of the micro-environment in cancer development, the ECM is put
forward as a source for tumour marker detection. In chapter 5 we report the selection, characterization and immunohistological application of a novel single chain antibody. Using phage display
technology, single chain antibody GD3A10 was selected against glycosaminoglycans from rat
embryos as a source for carcinogenic antigens. The use of single chain antibodies in antigen
detection has several advantages including low immunogenicity, easy tissue penetration and rapid
clearance from the circulation. GD3A10 recognizes a specific chondroitin sulfate epitope which
was overtly present in the tumoral stroma and basement membrane zone of malignant ovarian
tumour cells, moreover, very restricted expression was observed in healthy organs and benign
ovarian tumours. In malignant tumours strong expression of GD3A10 correlated with important
clinical prognostic parameters such as high grade and serous subtype, and poor survival. We
suggested that the upregulation of GD3A10 expression may indicate an early environmental
change during tumorigenesis and its expression holds promise for (early) tumour markers.
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In chapter 6 we studied the expression of single chain antibody GD3G7 in ovarian tumours and
compared it with p53 and ki-67. GD3G7 recognizes an chondroitin sulfate epitope rich in 4,6-0
disulfated disaccharides. A Progressive increase of GD3G7 epitope expression was seen from
benign tumors towards tumors with low malignant potential towards invasive malignant carci
noma. Moreover, intense GD3G7 epitope staining in malignant tumors was correlated with prognostic parameters including serous subtype, high tumor grade and advanced FIGO stage (FIGO
lll-IV). In survival analysis, GD3G7 epitope expression revealed to be an independent predictor for
progression free survival. Patiënt outcome in ovarian cancer depends on residual tumour mass
after surgery. It is still not clear whether patients will benefit from neoadjuvant chemotherapy as
a first choice therapy prior to extensive debulking surgery. We found that patients with advanced
disease were more likely to suffer from incomplete debulking when the tumour exhibited intense
GD3G7 epitope expression. In addition, intense GD3G7 expression was also correlated with good
response to platinum-based chemotherapy. Therefore, GD3G7 epitope expression could guide
clinical decision-making. In contrast to GD3G7, P53 and ki-67, which are generally important
identifiers for more aggressive cancer types, including ovarian cancer, were not correlated with
important parameters such as residual disease after surgery and platinum based chemotherapeutic response.
Chapter 7 completes this thesis. In this final section we discuss the potential clinical value of
chondroitin sulfate tumour markers for ovarian cancer. We have shown that overexpression of
chondroitin sulfate, as defined with both antibodies GD3G7 and GD3A10, is excessively present
in malignant ovarian tumors and both were absent in benign ovarian tumors and normal ovaries.
It was also found that high grade serous ovarian carcinomas, displayed the largest increase in
GD3G7 and GD3A10 expression. Probably a combination of different anti-chondroitin sulfate
single chain antibodies such as for instance GD3A10 and GD3G7 may enhance their discriminative value for diagnostic purposes. We propose future in-depth studies for validation in a prospective and multicenter setting before clinical application can be considered. In this chapter we also
address the difficulties that are encountered when studying chondroitin sulfate and the value
of novel developed methods to study glycosaminoglycans. Because the molecular structure of
glycosaminoglycans is retained after excretion, in the future, non-invasive diagnostic procedures
are feasible. This thesis may serve as a starting point for the use of chondroitin sulfate as novel
biomarkers for (ovarian) cancer. Furthermore, the antigen for chondroitin sulfate might be a future
target for targeted therapy.
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Eierstokkanker is de belangrijkste doodsoorzaak van alle gynaecologische maligniteiten wereld
wijd. In Nederland krijgen elk jaar 1300 vrouwen eierstokkanker en 1000 vrouwen overlijden aan
deze ziekte. De hoge mortaliteit wordt vooral veroorzaakt door het vergevorderde stadium waarin
de ziekte wordt ontdekt en de beperkte therapeutische mogelijkheden. Ongeveer 80% van de
patiënten met eierstokkanker reageert goed op 1e-lijns chemotherapie. Helaas is het zo, dat
ondanks verbeterde chirurgie en chemotherapie de meeste patiënten binnen een paar jaar reci
diveren en uiteindelijk overlijden, Minder dan 30% van de patiënten overleeft de eerste vijfjaar na
de diagnose.
Verbetering van overleving en zorg voor eierstokkankerpatiënten kan alleen worden bereikt
met vroege detectie en doelgerichte therapie. Hier kunnen tumor markers uitkomst bieden. Tumor
markers kunnen op verschillende niveaus worden gebruikt in de strijd tegen kanker; ze kunnen
worden toegepast in screening, diagnostiek, voorspelling en prognose. Op dit moment worden
tumormarkers enkel gebruikt in diagnostiek. Daarnaast kan het antigen van de tumor marker ook
als target worden gebruikt in therapie, om kanker progressie af te remmen of zelfs te blokkeren.
De laatste jaren is er al veel onderzoek gedaan naar potentiele tumormarkers voor eierstokkanker.
Er zijn er echter maar enkele die uiteindelijk zijn geïmplementeerd in de kliniek. CA125 leek een
veelbelovende marker en werd toegepast in de diagnostiek voor eierstokkanker. De sensitiviteit
en specificiteit van CA125 voor eierstokkanker bleek echter te beperkt voor diagnostiek, CA125
wordt nu enkel gebruikt in de follow-up van reeds gediagnostiseerde en behandelde eierstok
kankerpatiënten.
Eierstokkanker is een zeer heterogene ziekte. Dit is een van de belangrijkste redenen waarom
het onderzoek naar deze tumor erg traag verloopt. Feitelijk omvat eierstokkanker een grote groep
kwaadaardige tumoren van verschillende subtypen met variërende celdifferentiatie. Ondanks
de vele studies die zijn gedaan om de carcinogenese van eierstokkanker beter te begrijpen, is
de voortgang langzaam. In het verleden lag de focus van eierstokkanker onderzoek vooral op
de maligne tumorcellen. De ontwikkeling van nieuwe tumor markers is dan ook vooral gericht
op kankercellen. Echter, een kankergezwel omvat meer dan enkel kankercellen. Het blijkt dat
de micro-omgeving van kankercellen een essentiële rol speelt in elke stap van (eierstok)kanker
progressie. Zonder aanpassingen van de omgeving zouden goedaardige tumoren nooit kwaadaar
dige invasieve kankers kunnen worden. In vergelijking tot de heterogeniteit gezien in eierstokkankercellen, is de hetereogeniteit in het stromale gedeelte van de tumor beperkt. Om deze reden
zouden tumor markers verkregen uit de omgeving van de kankercellen weleens erg veelbelovend
kunnen zijn.
Een belangrijk onderdeel van het (tumor) stroma is de extracellulaire matrix (ECM), een complex
netwerk van eiwitten en polysacchariden, zoals glycosaminoglycanen. Een goed-functionerende
ECM geeft weefsel-ondersteuning, dirigeert de moleculaire samenstelling en is dan ook cruciaal
voor gezonde orgaanfunctie. Veranderingen in de ECM, zoals veranderingen in het glycosaminoglycaan-raamwerk, zijn nodig voor tumorprogressie. Deze veranderingen zijn zelfs éssentieel voor
tumor groei, pathologische angiogenese en metastasering.
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Dit proefschrift concentreert zich op chondroitine sulfaat, een speciale groep van glycosaminoglycanen die belangrijke rollen vervullen in zowel fysiologische en pathologische omstandigheden.
Chondroitine sulfaat is opgebouwd uit een lineaire keten van repeterende disaccharides, afwis
selend glucuronzuur en N-acetylgalactosamine. Verschillen in lengte en sulfatering op de keten,
geeft chondroitine sulfaat een groot aantal specifieke oligosaccharide domeinen waarop groei
factoren en receptoren aanhechten en hun werking uitoefenen. Sterk gesulfateerd chondroitine
sulfaat (CSE) heeft een sterke bindingsaffiniteit voor verschillende groeifactoren en is opgeregu
leerd in verschillende typen kanker. Deze bevinding suggereert dat deze groep glycosaminoglycanen belangrijk is voor kanker progressie. Het feit dat chondroitine sulfaat (en glycosaminoglycanen in het algemeen) slechts weinig immunogeen is, maakt dit molecuul aantrekkelijk voor de
ontwikkeling van antilichamen welke zijn gericht op verschillende epitopen binnen de chondroitine
sulfaat keten.
De overvloedige aanwezigheid van sterk gesulfateerd chondroitine sulfaat in ovarium tumoren
en de actieve rol van chondroitine sulfaat in kanker progressie maakt chondroitine sulfaat een
uitstekende tumor marker met diagnostische (en specifiek gerichte) therapeutische waarde in eierstokkanker. Deze gedachte was de drijfveer voor de vorming van de volgende hoofdstukken;
Hoofdstuk 1 bevat de algemene introductie van dit proefschrift. Hierin wordt de achtergrond en
rationale van de uitgevoerde studies beschreven. Na een korte introductie over eierstokkanker
wordt de heterogene pathologie en de onbekende origine van de tumor aangestipt. Het blijkt dat,
ondanks veel onderzoek naar een beter inzicht in de carcinogenese, er slechts weinig vooruitgang
is geweest. Hierna wordt de micro-omgeving van cellen, de ECM, naar voren gebracht als een
alternatief in de diagnostische benadering van eierstokkanker. De verschillende subgroepen van
glycosaminoglycanen in de ECM in de normale eierstok worden beschreven waarna de veran
deringen in de tumor omgeving worden beschreven en chondroitine sulfaat als centraal onderwerp
wordt geplaatst in het proefschrift.
In hoofdstuk 2 schreven we een review over chondroitine sulfaat en de verscheidene functies die
dit molecuul heeft in de micro-omgeving van (eierstok)kanker. Ook de klinische rol die chondroi
tine sulfaat kan vervullen binnen een diagnostische en therapeutische setting voor eierstokkanker
wordt beschreven. De kwalitatieve en kwantitatieve veranderingen van chondroitine sulfaat in de
tumor extracellulaire matrix van verschillende kwaadaardige tumoren, inclusief eierstokkanker,
worden besproken. De biochemische veranderingen van chondroitine sulfaat hebben belangrijke
mechanistische consequenties. Zo gedetailleerd mogelijk, hebben we geprobeerd een overzicht
te geven van de rol die chondroitine sulfaat speelt bij tumorgroei, angiogenese, tumor verspreiding
en immunomodulatie. De structurele veranderingen van chondroitine sulfaat zouden nieuwe hand
vatten kunnen bieden voor de ontwikkeling van nieuwe innovatieve strategieën voor vroegdiagnostiek maar ook om te interfereren in de carcinogenese. Ook wordt getracht een beschrijving te
geven van de initiële pogingen om de rol die chondroitine sulfaat (proteoglycanen) speelt in kanker
te inhiberen. Voorbeelden hiervan zijn; de blokkerende werking van antilichamen, chondroitine
sulfaat mimetica, afbraak enzymen en andere specifiek gerichte therapieën.
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in de metastasering van eierstokkanker. De verspreiding van eierstokkanker gebeurt vooral door
buikvlies (peritoneum) door acites. Overvloedige expressie van CSE werd gezien in het stroma van
primaire eierstoktumoren en de buikmetastasen. Daarnaast kwam naar voren in het onderzoek
dat CSE een van de moleculen is die betrokken is in de adhesie (verbinding) tussen kankercellen
en stroma. Reeds in 1889 suggereerde Stephen Paget al met zijn ‘seed and soil’ hypothese dat
optimale groei en verspreiding van tumorcellen (the seed) enkel bewerkstelligd kan worden in
een optimale voedingsbodem, micro-omgeving (ofwel soil). De toename van CSE ter plaatse van
de metastase kan een door de tumorcel geïnduceerde verandering zijn op de (gezonde) ECM,
waardoor een geschikte ‘soil’ wordt gecreëerd voor tumorgroei en angiogenese. De bindingsei
genschappen van CSE voor een groot aantal tumor-geassocieerde groeifactoren kan hier mogelijk
aan bijdragen. Zodoende faciliteert de aanwezigheid van tumor ‘soil’ tumor cel verspreiding.
Verschillende studies hebben aangetoond dat de vorming van hechte tumorcel aggregaten
(sferoïden) geassocieerd is met meer agressief gedrag van de tumor. Het identificeren van mole
culen die bijdragen aan de adhesie tussen tumorcellen en stroma zou mogelijk nieuwe aangrijping
spunten voor therapie kunnen geven. Wij zagen dat sferoid-vorming werd geïnhibeerd wanneer
enzymen die chondroitine sulfaat afbreken werden toegevoegd aan het proces. Transfectie van
eierstokkankercellen (SKOV3 cellen) met het DNA coderend voor GalNAc4S-6ST veroorzaakte
overexpressie van CSE disaccharide units. Deze CSE units verbeterden de adhesieve eigen
schappen van de tumorcellen. Dezelfde getransfecteerde cellen lieten een beperkt migratiepa
troon zien in collageen matrices, en tumorcellen werden 'gedwongen’ bij elkaar te blijven. Normale
(niet-getransfecteerde) SKOV3 cel migratie werd eveneens beperkt wanneer zij geplaatst werden
in een omgeving met hoge concentraties CSE. Wij concludeerden dat chondroitine sulfaat, mits
rijk aan CSE, een mogelijk target (doelwit, aangrijpingspunt) kan zijn voor nieuwe therapieën in
eierstokkanker. Single-chain antilichamen specifiek voor CSE kunnen chemisch gebonden worden
aan de huidige chemotherapeutische medicatie zodat een meer specifiek gerichte therapie kan
worden nagestreefd.
In loofdstuk 4 beschreven we een nieuw ontwikkelde methode om glycosaminoglycanen te
extraheren uit in formaline gefixeerde en geparaffineerde (FFP) weefselpreparaten. We verge
leken glycosaminoglycanen verkregen uit FFP weefsels met glycosaminoglycanen verkregen uit
ingevroren materiaal en zagen dat de microstructuur vergelijkbaar was. Laser microdissectie werd
toegepast op verschillende typen (pathologisch veranderde) humane huid (normale huid, keloid en
psoriasis). Er werd ook gekeken naar de verschillende humane huidlagen (reticulaire en papillaire
dermis). Deze methode was bij herhaling accuraat, zelfs op slechts hele kleine hoeveelheden. Deze
nieuwe methodiek kan bijdragen aan de studie naar glycosaminoglycanen en maakt het mogelijk
om FFP materiaal (zoals bijvoorbeeld tumoren) wat wijdverbreid in ziekenhuizen ligt opgeslagen te
gebruiken voor structurele glycosaminoglycaan analyse.
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De hoge sterfte van eierstokkanker komt vooral omdat de tumor zo snel uitzaait. In hoofdstuk 3
denken we na over de functionele rol die sterk gesulfateerd chondroitine sulfaat (CSE) kan spelen

De micro-omgeving van tumorcellen is cruciaal voor de ontwikkeling van kanker. Daarom zou
de ECM een ideale bron kunnen zijn voor nieuwe tumormarkers. In hoofdstuk 5 beschreven
we de selectie, karakterizatie, en immunohistologische toepassing van een nieuw single-chain
antilichaam. Door gebruik te maken van phage display werd single-chain antilichaam GD3A10
geselecteerd tegen glycosaminoglycanen, Hiervoor werd gebruik gemaakt van ratten embryo
materiaal, als een bron van carcinogene antigenen. Het gebruik van single chain antilichamen
in antigen detectie heeft vele voordelen, zoals; lage immunogeniteit, eenvoudige penetratie van
het weefsel en snelle klaring uit de circulatie. GD3A10 herkent een specifiek chondroitine sulfaat
epitoop welke sterk tot overexpressie komt in het tumor stroma en de basaalmembraan-zone
van kwaadaardige eierstoktumorcellen. De expressie van GD3A10 was zeer beperkt aanwezig in
gezonde organen en goedaardige eierstoktumoren. In kwaadaardige tumoren correleerde sterke
expressie van GD3A10 met belangrijke prognostische factoren zoals slechte celdifferentiatie (hoge
graad), sereus subtype en slechte overleving. Onze bevindingen zouden kunnen betekenen dat
GD3A10 expressie een vroege verandering in de micro-omgeving kan zijn tijdens tumorgenese
welke misschien gebruikt kan worden als (vroege) tumor marker.
In hoofdstuk 6 bestudeerden we de expressie van single chain antilichaam GD3G7 in eierstok
tumoren en vergeleken de expressie met p53 en ki-67. GD3G7 herkent een chondroitine sulfaat
epitoop rijk aan 4,6-0 disulfated disaccharides. Een geleidelijke toename van GD3G7 expressie
was zichtbaar in goedaardige, borderline en (invasieve) kwaardaardige tumoren. Sterke GD3G7
expressie in kwaadaardige tumoren was gecorreleerd met prognostische factoren zoals sereus
subtype, slechte celdifferentiatie (hoge graad) en vergevorderde ziekte (FIGO lll/IV). Wanneer werd
gekeken naar overleving, zagen we dat GD3G7 expressie een onafhankelijke voorspeller was
voor ziektevrije overleving. Het is bekend dat de overleving van eierstokkanker patiënten grotend
eels wordt bepaald door radicaliteit van chirurgie en het achterblijven van eventuele resttumor na
de operatie. Primair de tumor laten slinken door middel van neo-adjuvante chemotherapie met
vervolgens uitgebreide chirurgie is een andere mogelijke therapeutische benadering. Echter, het
is ook nog onduidelijk of patiënten daadwerkelijk baat hebben bij neo-adjuvante chemotherapie
voorafgaand aan de operatie. In deze studie vonden wij dat patiënten met vergevorderde ziekte en
sterke expressie van GD3G7 meer kans hadden op incomplete chirurgie. Daarnaast correleerde
sterke GD3G7 expressie met goede response op platinum-bevattende chemotherapie. GD3G7
expressie zou dus richting kunnen geven in het maken van klinische beslissingen. P53 en ki-67
expressie lieten geen correlatie zien met belangrijke parameters zoals resttumor en respons op
chemotherapie, terwijl dit bekende markers zijn voor de meer agressieve vormen van kanker.
Hoofdstuk 7 sloot dit proefschrift af. In dit laatste hoofdstuk bediscussiëren we de potentiele
klinische waarde van chondroitine sulfaat tumor markers voor eierstokkanker, We lieten zien dat
van chondroitine sulfaat, aangetoond met de antilichamen GD3G7 en GD3A10, sterk tot expressie
komt in kwaadaardige eierstoktumoren. Beide antilichamen kwamen (bijna) niet tot expressie in
goedaardige tumoren van de eierstok en normale eierstokken. Hooggradige sereuze tumoren
lieten de grootste toename zien van GD3G7 en GD3A10 expressie. Een combinatie van verschil
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nagestreefd. In de toekomst is diepgravend onderzoek nodig voor de validatie in een prospectieve
benadrukken we ook tegen welke problemen we aanliepen tijdens de studie naar chondroitine
sulfaat en de waarde van nieuw ontwikkelde methoden om glycosaminoglycanen te bestuderen.
De moleculaire structuur van chondroitine sulfaat blijft intact na excretie, dit maakt het mogelijk om
in de toekomst een non-invasieve diagnostische test te ontwikkelen.
Dit proefschrift moet er toe leiden dat chondroitine sulfaat wordt gezien als mogelijke tumor
marker voor (eierstok) kanker. Ook zou het antigen een target kunnen vormen voor toekomstige
doelgerichte therapie.
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lende anti-chondroitine sulfaat single chain antilichamen zoals GD3A10 en GD3G7 zou het onder
scheidend vermogen sterk kunnen vergroten alvorens een diagnostische applicatie kan worden
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En dan is het af... Toen ik besloot te gaan promoveren wist ik (en ik durf te zeggen vele promovendi
met mij) eigenlijk niet waar ik aan begon. Promoveren houdt meer in dan de woordjes ‘onderzoek
doen’ . Het leren omgaan met nieuwe (lab)technieken, lastige computerprogramma’s, tijdsdruk,
maar ook een verscheidenheid aan mensen was soms een uitdaging. Mijn promotie was een
onstuimige, leerzame en boeiende weg met pieken en dalen. Een periode waar ik uiteindelijk
tevreden op terugkijk en een tijd die ik niet had willen missen. Vasthoudendheid en intrinsieke
motivatie zijn essentieel om te promoveren maar zonder de hulp en steun van velen zou het mij
niet gelukt zijn dit alles tot een goed einde te brengen.

Ik blijf het ongelooflijk vinden dat jij ondanks je overvolle agenda (en hoofd) het voor elkaar blijft
krijgen iedereen de aandacht te geven die hij verdiend. De laatste jaren hebben mij een rijker mens
gemaakt. Je stelt een mooi voorbeeld voor velen en mijn persoonlijke en professionele ontwikke
ling zijn mede door jou in een stroomversnelling gekomen. Bedankt voor je enthousiasmerende en
soms geruststellende woorden als ik weer eens zat te stressen.
Dr. A.H.M.S.M. van Kuppevelt, beste Toin. Jij hebt me rondgeleid in de wondere wereld van de
biochemie. Dankjewel voor de mogelijkheid om binnen jouw laboratorium onderzoek te doen.
Jouw didactische vaardigheden zijn een van je grote krachten. Met simpele voorbeelden maakte
je dingen die ik maar niet kon begrijpen behapbaar en inzichtelijk. Het fenomeen “permanenten
van je haar” kreeg een hele andere betekenis na een van onze vele besprekingen. Ik ga die lange
sessies (die soms nogal van het hoofdonderwerp afweken) nog missen. Bedankt voor je geduld
en voor de leerzame en gezellige tijd.
Dr. J. Bulten, beste Hans. Als student en co-assistent leren wij te weinig van het mooie vak pathol
ogie. Tijdens mijn promotie heb ik gezien hoe lastig het soms is en hoeveel er van jouw diagnose
afhangt (zelfs als de diagnose er al is). Ik denk hier nu niet meer zo licht over. Dank voor de vele,
gezellige momenten achter de microscoop (en buiten in het zonnetje).
Leden van de manuscriptcommissie. Geachte prof. dr. J.H.J.M. van Krieken, prof. dr. H.W. Nijman
en dr. D.J. Lefeber, hartelijk dank dat ik u mijn proefschrift ter beoordeling mocht voorleggen.
Dr. G.B. ten dam, beste Gerdy. Mijn eerste stappen op het gebied van glycosaminoglycanen
waren erg onzeker. Toch durfde ik het aan om door te gaan toen jij helaas het laboratorium verliet.
Bedankt voor de begeleiding in het prille begin en je opbeurende woorden meer richting het einde.
Dr. A. van Tilborg. Beste Angela jij was een goede toevoeging aan het team tijdens het laatste
staartje van mijn onderzoekstijd. Je oprechte interesse in en kritische bijdrage aan mijn stukken
heb ik zeer op prijs gesteld.

Vitae

Prof. dr. L.F.A.G. Massuger. Beste Leon, je bent een onuitputtelijke bron van positieve energie.
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Dankwoord

178
Beste (ex-) tuinbewoners, we hebben een gevarieerde club met onderzoekers bij de gynaecol
ogie. Allemaal werken we hard aan ons persoonlijke onderzoek en toch voelde ik me nooit alleen.
Bedankt voor het meeleven als er een artikel werd afgewezen maar ook als er (eindelijk) een
werd geaccepteerd. De talloze koffietjes bij de automaat, de gezelligheid tijdens de borrels bij St.
Anneke, het ski- en onderzoekersweekend hebben bijgedragen aan een fijne promotietijd.
Charlotte, eerst mijn overbuurvrouw in 'de tuin’ en nu collegaatje in het JBZ. Je eerlijkheid en droge
humor waardeer ik elke dag. Lieve Refika, partner in crime op het lab en daarbuiten. Bedankt voor
je begrip en alle gesprekken over de belangrijke en vaak ook minder belangrijke dingen van het
leven. Sanne, lieve buddy. Wat ben je toch een heerlijk persoon. Blijf altijd je geweldige nuchterheid
en scherpe tong houden. Je trekt er velen mee uit de put.
Beste laboratoriumgenoten van de (matrix) biochemie. Een dokter op het lab was iets waar we,
volgens velen, in het begin aan zouden moeten wennen. Eigenlijk heb ik dat nooit zo gevoeld er
hing altijd een goede sfeer. Beste Arie, U-genootje, alle uren in de celkweek met af en toe een
passerende gist waren niet voor niets. Uiteindelijk heeft het de broodnodige resultaten opgeleverd
voor mijn boekje en daarnaast heb ik een fijne man leren kennen met engelengeduld. Els bedankt
voor je luisterend oor en hulp. De vrolijke etentjes bij jou thuis waren top. Beste Elly, Marianne,
Theo en Willeke, jullie mogen niet ontbreken in het lijstje. Bedankt voor alle support en gezelligheid.
Speciaal woordje van dank aan mijn mede-junior onderzoekers: Henk, Xander, Katrien, Etienne,
Corien, Luuk, Michiel, René en mijn 'opvolgster’ Sophieke. Ontspanning naast werktijd is erg
belangrijk om je promotie te vervolmaken. Jullie zorgde er met zijn allen voor dat er balans bleef. Ik
wens jullie veel succes met het afronden van jullie promotie en jullie verdere carrière.
Beste gynaecologen, arts-assistenten, verloskundigen en verpleegkundigen van het Jeroen Bosch
Ziekenhuis. Bedankt voor het Bosche, warme welkom dat ik van jullie heb gekregen. Dankzij
jullie heb ik een mooie start gemaakt aan mijn dokterscarrière. Ik vind het een voorrecht om mijn
opleiding bij jullie te mogen vervolgen. Lieve Ingrid, dank je voor enthousiaste en sympathieke
manier van begeleiding. Mentor ben je voor het leven, beloofd is beloofd!
Lieve Sas, Ing en Bianc, cogroepgenootjes en nu collega's. Wat is er een hoop gebeurd in slechts
korte tijd! Na onze coschappen zijn we redelijk onze eigen weg gegaan. Toch is er nog altijd tijd
voor een gezellig theetje of goed wijntje om weer bij te praten. Bedankt voor alle steun.
Lieve Irene, ondanks onze drukke levens weten we elkaar toch steeds weer te vinden. Ik heb heel
wat onderzoeksdipjes gehad en elke keer wist je me weer op te vrolijken! Ik vind dat wij het bewijs
zijn van “de aanhouder wint”.
Lieve meiden ‘uit Maastricht’. Daan mijn eerste vriendinnetje uit Maastricht. Samen stonden wij
in de rij om ons aan te melden voor de introductiedag. Na onze eerste kennismaking heb je nooit
meer mijn hart verlaten. Lieve Ellen, dankjewel dat je altijd die lieve, warme persoon bent waar ik
altijd alles mee kan delen, op elk moment van de dag. Suuske bijzondere vriendin, ik hou ervan
hoe jij in het leven staat.
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wel en wee. Dank jullie wel daarvoor. De vele vakanties samen behoren tot mijn beste herinner
ingen. Hoogste tijd om er weer eens eentje aan toe te voegen!
Lieve Remko en Muriël. Remko, stoere, grote Fries! Maatje in de tuin en nu maatje in de opleiding.
Ik ben heel blij dat ik je heb leren kennen. Ik vind het supertof dat jij mijn paranimf bent vandaag!
Lieve Muriel, 12.5 jaar geleden (een jubileum bedenk ik me nu) doorstonden wij samen onze A-tijd.
De tijd die volgde hebben we mooie en minder mooie momenten gedeeld. Het laatste jaar is echter
wel een toppertje! Ik hoop dat er nog velen zullen volgen. Wat fijn dat jij mijn paranimf bent.

die ik niet meer kan missen en gelukkig hoeft dat ook niet.
Lieve oma, klein maar dapper zoals u zelf altijd zegt. Wat fijn dat u er nog steeds altijd bij bent. U
bent een groot voorbeeld voor mij en ik hoop dat we nog lang van u, in goede gezondheid, mogen
genieten.
Lieve zusjes en kanjer van een broertje. Ik ben er heel erg trots op jullie oudste zus te zijn. Het is
heerlijk toeven bij ons aan de drukke tafel als iedereen weer eens thuis is. Lachen is gezond en
gelukkig doen wij dat heel vaak samen. Jullie zijn er altijd voor mij en ik zal zorgen dat ik er altijd
ben voor jullie.
Lieve papa en mama, dank jullie wel voor jullie onvoorwaardelijke steun en geloof in mij. Mams,
jij zorgt ervoor dat wij allemaal weten dat er altijd een 'thuis’ is. Een warme, liefdevolle plek waar
we altijd op terug kunnen vallen. Alle kaartjes die je stuurde en alle kaarsjes die je hebt gebrand
hebben toch echt geholpen. Moeders hebben altijd gelijk. Lieve papa, dochters en vaders hebben
iets speciaals samen. Het is moeilijk te beschrijven, het is iets wat je moet voelen. Ik voel het elke

De laatste woorden van dit proefschrift zijn voor jou, liefste Thijs. Zonder jou was het me nooit
gelukt dit alles tot een goed einde te brengen (ja, dat is toch ECHT waar). Papa heeft wel eens
gezegd dat alles gebeurt met een reden. Waarschijnlijk was de reden dat ik Maastricht terecht
kwam om jou te leren kennen. Ik hou van je met heel mijn hart, en elke dag een beetje meer. Dank
je wel dat ik mijn leven met jou mag delen, want samen met jou is alles mooier.

Vitae

Lieve Elly, Frank, Ingrid, Steven en kleine Max. Ze zeggen wel eens je schoonfamilie krijg je erbij en
daar moet je het maar mee doen... Ik ben gezegend met een clubje hele lieve, zorgzame personen

Chapter 9 | Dankwoord & Curriculum

Lieve Vincent en Emily, beste vriendjes door dik en dun! Die geneeskundewereld is maar een rare
wereld. Ondanks mijn ‘vage’ promotie-onderwerp waren (en zijn) jullie altijd geïnteresseerd in mijn
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Curriculum Vitae
Myrtille Vallen werd geboren op 18 februari 1983 in het toenmalige St. Radboud ziekenhuis in
Nijmegen. Zij is het eerste kind van Giel en Yasmina Vallen-Stolzenbach en de oudste van vier
kinderen. Myrtille groeide op in het Limburgse plaatsje Venray, waar zij in 2001 haar atheneum
diploma behaalde aan het Raayland college.
Zij wilde altijd al dokter worden maar helaas was het lot haar, tot drie maal toe, niet gunstig
gezind. Zij besloot de studie Gezondheidswetenschappen te gaan volgen aan de universiteit
Maastricht. Een vrolijke, actieve studententijd volgde, waarin zij lid was van onafhankelijk dames
dispuut ‘Bon Aparte’. In 2005 behaalde zij haar mastertitel in Health Sciences, met als speciali
satie Movement Sciences. Na het afronden van haar studie in Maastricht, kon zij in Nijmegen via
een omweg alsnog aan de studie geneeskunde beginnen. Tijdens haar co-schappen begon zij
reeds met de eerste stappen van haar promotie-onderzoek aan de afdelingen Gynaecologie en
Biochemie onder begeleiding van dr. Gerdy ten Dam. Zij rondde haar studie af met een senior
co-schap gynaecologie van 3 maanden in het Horacio Oduber Hospitaal, Aruba. Tijdens dit
co-schap werd haar duidelijk dat dit definitief het specialisme was waar haar hart sneller van ging
slaan. In de zomer van 2010 behaalde zij haar artsenbul en begon zij als fulltime wetenschappelijk
onderzoeker bij de afdeling Gynaecologie onder de vleugels van prof. dr. Leon Massuger en dr.
Toin Van Kuppevelt. In een later stadium sloot dr. Hans Bulten zich aan bij het promotieteam. De
inspanningen resulteerde uiteindelijk in de onderzoeken die u in dit proefschrift hebt kunnen lezen.
Zij begeleidde in deze periode verschillende studenten en stagaires. In 2012 schreef Myrtille een
projectaanvraag voor de junior-onderzoekersronde van het Radboud UMC. De aanvraag werd
gehonoreerd waardoor nu een vervolg kan worden gegeven aan dit promotie traject. In juni 2013
is Myrtille begonnen als arts-assistent in het Jeroen Bosch Ziekenhuis te ’s Hertogenbosch. Per 1
januari 2015 zal zij hier in opleiding gaan tot gynaecoloog (opleider dr. Ingrid Gaugler-Senden).
Myrtille woont samen met Thijs Wientjes in Nijmegen en zij zijn voornemens om in de zomer van
2015 te trouwen.
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Chapter 1.
Figure 1.

Morphological features of serous papillary (A), mucinous (B), endometrioid (C), and dear cell (D)
ovarian carcinoma.
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Chapter 3.
Figure 1 .

Strong staining for CSE in tumours.
Sections of paraffin embedded primary serous ovarian carcinoma were stained for CS, DS and
CSE using antibodies I03H10, GD3A12 and GD3G7, respectively. A) Haematoxylin-Eosin staining
showing tumourous versus non-tumourous regions.
Non-tumourous regions are indicated with an asterix (*). B-E) Overall staining for CS (B: antibody
I03H10), DS (C:antibody GD3A12) and CSE (D, E antibody GD3G7). Note overall staining for CS
and DS, but strong CSE staining in intratumoural stroma, including small tumour capillaries (E,
arrows). Also note mild staining of large blood vessels in non-tumourous areas (E) Staining for CSE
indicated a gradiënt of CSE at the boundary of tumour and non-tumourous tissue (**). Bar: 100 pm
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Chapter 3.
Figure 2 .

Strong staining for CSE in transcoelomic, ovarian metastasis (antibody GD3G7).
A) Primary tumour, B) contralateral ovary, C) omentum, D) Douglas’ pouch all displayed strong
staining for CSE. Note the staining at sites where the mesothelial lining and its underlying

Chapter3.
Figure 3.

Increase o f staining for CSE in SKOV3 cells transfected w ith GalNAc4S-6ST (antibody GD3G7).
SKOV3 wildtype (A) and transfection control (empty vector) SKOV3(-) cells (C5 (B) and C6 (C))
showed weak (peri)cellular expression of CSE, whereas SKOV3 cells transfected with DNA
encoding GalNAc4S-6ST (F5(D), F7(E), F9(F)) showed strong expression for CSE expression,
especially in more dense regions. Bar: 100 pm
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Chapter 3.
S2 . Generation o f 3D collagen matrices w ith homogeneously coated chondroitin sulfate E chains, and
culturing o f SK0V3 spheroids for cell migration studies.
A) The spheroids were embedded into a matrix of type I collagen as described previously [54], but with an
additional step for administration of the chondroitin sulfate E (CSE, 1mg/ml) into the minimum essential medium
(MEM) / bicarbonate (BIC) solution before adding the bovine type I collagen. SKOV3 spheroids in DMEM
medium were transfered into the collagen l/chondroitin sulfate E solution reaching a final concentration of
collagen-spheroid suspension of 1.67 mg/ml. The suspension was quiokly pre-polymerized for 5 minutes at
37°C, 5% CO2 and eventually aliowed to polymerize at 37°C for 20-30 min (5% C02) in a self-constructed cell
migration chamber [54], The type I collagen-chondroitin sulfate matrices were analyzed by using an Olympus
FV1000 confocal laser scanning microscope excitation at 488 nm and emission detection of 520/50 nm (for
FITC-labeled chondroitin sulfate) and confocal reflection contrast was used for detection of collagen fibers. For
that, laser light (633nm) at a low intensity was introduced into the sample. B) Confocal microscopy showing
matrix decoration with chondroitin sulfate E (CSE). Upper row; non-decorated type I bovine collagen matrix.
Left: Collagen reflection (white), middle: Background (green (FITC) channel), right: Overlay of reflection and
background signal. Lower row; CSE-decorated bovine collagen I matrix. Left: Collagen reflection, middle:
CSE-FITC (green (FITC) channel), right: Overlay of reflection and CSE signal.

Chapter 4.
Supplementary Figure 2.
Glycosaminoglycan (GAG) extraction/isolation from one 40 pm section of FFPE mouse skin.
(a) Agarose gel of 0.5 pl (out of 10 pl total) of GAGs isolated from a single 40 um section. The marker (M) contains
10 ng HS, 5 ng CS and 5 ng DS. (b) Macroscopical view of the paraffin block used for sectioning, indicating the
size of the section in cm. (c) Adjacent hematoxylin and eosin stained section, showing the epidermis (1), dermis
(2), subcutaneous fat (3) and muscle layer (4). Scale bar = 100 pm. HS/CS/DS: heparan/chondroitin/dermatan
sulfate.

191
Chapter 10
| Color appendix

dermis

Reticular
dermis

Chapter 4.
Supplementary Figure 3.
Glyoosaminoglycan (GAG) extraction/isolation from one 40 . Laser-dissected areas in section of human skin.
Deparaffinized human skin sections were stained with Mayer’s hematoxylin and the papillary (red line) and reticular
(yellow line) dermis were separately dissected using a laser-microdisseotion system.

Normal Skin

Keloid

Psoriasis

Chapter 4.
Supplementary Figure 4
Macroscopical picture of hematoxylin-eosin stained sections adjacent to sections used for isolation of glycosaminoglycans (GAGs), indicating the size of the section. Note that the order of the different patients (top to
down) corresponds to the order on the agarose gel, shown in Fig 2b (left to right). Also note that in several cases
multiple sections were stained. Scale bar = 1 cm.
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Chapter 4.
Supplementary Figure 5.
Sections adjacent to sections used for glycosaminoglycan (GAG) extraction/isolation and stained with hematoxylin and eosin (HE), and for chondroitin sulfate (CS) and dermatan sulfate (DS) using specific antibodies. Note the
increased CS staining in keloid and -to a lesser extent- in psoriasis. Scale bar = 100 pm.

193
Chapter 10
| Color appendix

Base

heparinases 1+111

control (no primary antibody)

buffer only

Chapter 5.
Figure 1.

Specificity o f antibody GD3A10.
Ovarian carcinoma cryosections were preincubated with specific digestive enzymes for the
glycosaminoglycans chondroitin sulfate, heparan sulfate and dermatan sulfate Pre-incubation with
chondroitinase-ABC (A) and chondroitinase-AC (B) completely abolished staining, wherease chondroitinase-B (C) partially reduced staining. Digestion with heparinases (D) had no effect. Control (E);
Buffer only (F). Bar: 100 |jm.

Chapter 5.
Figure 2.

Topological distribution of the chondroitin sulfate epitope defined by antibody GD3A10 in rat
tissues (immunohistochemistry using cryosections).
Ear cartilage (A), testis (B), pancreas (C), and intestine (D) are shown. Strong staining was observed
in the cartilage structures of the ear, in small blood vessels and capillaries of the testis, and in the
islets of Langerhans. In the villi of the intestine the capillaries directly underlying the epithelium
showed weak staining (arrow). Bar: 100 pm
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Chapter 5.
Figure 3.

Immunolocalization and analysis of the GD3A10 epitope in human ovary, ovarian cysteadenoma,
endometriosis and ovarian adenocaroinomas.
Paraffin embedded tissue sections were immunostained with antibody GD3A10. No staining was
observed in normal ovarian stroma (A). Stroma of benign ovarian tumors such as serous (B) and
mucinous (C) and endometrioid (D) subtypes, was negative, but sometimes (minor) staining of the
BM zone was observed (arrows). Very strong staining of the stroma and basement membrane zone
underlying tumor cells was observed in ovarian adenocarcinomas as shown for serous (E), muci
nous (F), endometrioid (G), and clear cell (H) epithelial subtypes. Strong GD3A10 staining of small
blood vessels (arrows) was observed in the stromal compartment of adenocarcinomas (I). Bar: 100
Mm. Overall scoring of GD3A10 epitope expression in benign (n=58) and malignant (n=95) ovarian

tumors divided for total score <4 and >5 points, p<0.000.(J)
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Chapter 5.
Figure 4.

Expression o f chondroitin sulfate and dermatan sulfate in ovarian tumors.
Both glycosaminoglycans were abundantly present in the (tumoral) ovarian stromal compart
iment, as indicated by staining with antibodies I03H10 (B), GD3A12 (C) and CS-56 (D). Antibodies
GD3A10 (A) and GD3G7 (E), however, were primarily located in the tumoral matrix near ovarian tumor
cells, and showed a comparable pattern. Bar: 100 pm
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Chapter 6.
Figure 2 .

Location and sem i-quantitative scoring o f the 4,6-disulfated chondroitin sulfate epitope
detected by single chain antibody GD3G7 in ovarian tissue.
A, normal ovarian tissue, negative for the GD3G7 epitope. B, serous benign tumor with negative-mild expression of the GD3G7 epitope just beneath the epithelial lining. C, serous tumor with
LMP showing weak to moderate intensity of the GD3G7 epitope, oovering only a small percentage
of the stroma and scored as ‘mild’ stromal expression of the GD3G7 epitope. D, serous malignant
tumor showing strong intensity of the GD3G7 epitope under the epithelial tumor cell lining with
transition to the less affected stromal parts. E, serous malignant tumor showing strong intensity of
the GD3G7 epitope staining of a large part of the stroma surrounding the tumor cells, scored as
intense expression of the GD3G7 epitope. F, overall scoring of the study panel (n=148).
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Chapter 7.
Figurï 1.

Fallopian tube sections near serous ovarian carcinoma.
GD3G7 expression is seen intracellular in the serous lining of the fallopian tube.

Stellingen
behorende bij het proefschrift

Highly sulfated
Chondroitin sulfate
tlieOvarian tumoral
Micro-environment
Prospects for ovarian cancer management
1.

Verandering van de extracellulaire matrix op het niveau van chondroitinesulfaat is een
essentiële stap in kankerprogressie (dit proefschrift)

2.

Chondroitinesulfaat vormt een intermediair molecuul voor de adhesie en migratie van

3.

Toename van specifieke chondroitinesulfaat-epitopen in de extracellulaire matrix van

eierstokkankercellen. (dit proefschrift)

maligne eierstoktumoren hangt samen met verschillende klinische parameters
die de prognose van eierstokkanker patiënten bepalen, (dit proefschrift)
4.

De ontwikkeling van antilichamen geënt op specifieke chondroitinesulfaat-epitopen leidt
tot nieuwe tumormakers die in de toekomst mogelijk aangewend kunnen worden voor
diagnostiek en doelgerichte therapie (dit proefschrift)

5.

Een limiterende factor in het onderzoek naar glycosaminoglycanen is nog altijd het gebrek
aan analytische mogelijkheden, (dit proefschrift)

6.

The wisdom of the matrix, is more likely to be expressed in a language apart from the
hereditary one, though interlinked with it. (Clifford Grobstein, 1975)

7.

Pluk de dag... Maar laat iets hangen voor morgen (onbekend)

8.

Als je doet wat je leuk vindt, hoef je nooit te werken (Mahatma Gandhi)

9.

Don't say you don’t have enough time. You have exactly the same number of hours
per day that were given to Helen Keiler, Pasteur, Michelangelo, Mother Teresa,
Leonardo da Vinei, Thomas Jefferson, and Albert Einstein.” (H. Jackson Brown Jr)

10.

Sometimes you win, sometimes you learn (John C. Maxwell)

11.

People who love to eat are always the best people (Julia Child)

Myrtille Vallen, Nijmegen 26 november 2014

