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Résumé 
Le cancer de l'endomètre (CE) est un cancer oestrogène-dépendant de type « adéno-

carcinome » et débouche dans certains cas au développement d'un cancer invasif. Il n'y a, à ce 

jour, aucun moyen efficace pour détecter précocement les patients qui évolueront vers une 

maladie métastatique. Pour envahir, les cellules tumorales doivent détruire leur membrane 

basale et perturber l’intégrité de la matrice extracellulaire (MEC), à savoir le remodelage 

tissulaire. De plus, les cellules tumorales favorisent l'angiogenèse, un processus crucial pour le 

développement tumoral et la métastatisation. Le remodelage tissulaire et l'angiogenèse 

constituent des cibles privilégiées pour développer de nouveaux outils diagnostiques et 

thérapeutiques, notamment dans le cancer de l'endomètre. Les Heparan Sulfate Protéoglyganes 

(HSPG) sont des glycoprotéines ubiquitaires trouvées à la surface des cellules animales et dans 

la MEC. Ils sont impliqués dans de nombreux processus biologiques tels que la prolifération, 

la migration et l'angiogenèse à travers une vaste gamme de liaisons protéiques. Dans l'utérus 

humain, les héparanes sulfate anticoagulant (aHS) sont retrouvées sur les parois des vaisseaux 

et également dans l'épithélium glandulaire mais disparaîssent lors du remodelage tissulaire 

survenant lors de la fenêtre d'implantation du cycle menstruel. Nous émettons donc l'hypothèse 

que la tumeur pourrait utiliser la même stratégie pour induire le remodelage pathologique 

requis pour sa propagation (invasion et l'angiogenèse). Cette hypothèse est appuyée par le fait 

que, dans la plupart des cancers, l'héparanase (HPSE) qui est l'enzyme catabolique des aHS, 

est élevée et relachée dans le milieu extracellulaire modulant ainsi la matrice extracellulaire et 

les voies de signalisation impliquant les HS. 

Le premier objectif de cette thèse est d'évaluer si la suppression des aHS par l’HPSE 

pourrait être un outil de diagnostic pour identifier à un stade précoce le CE invasif. 

L’expression des aHS et HPSE ont été caractérisées sur des coupes de tissus de 102 cas de CE 

de grade 1 avec des intensités d'invasion variables. L'analyse a été effectuée à la fois dans le 

compartiment tumoral et dans le microenvironnement tumoral (MET). Il a été démontré que 

les glandes tumorales augmentent fortement l'expression de l'HPSE de 110,1% et réduisent les 

aHS de 45,5% comparées aux glandes normales. Il est intéressant de noter que la diminution 

des aHS est plus prononcée le pattern d’invasion le plus agressif, MELF, avec une diminution 

de 68,8%. Nous avons ensuite évalué l'expression  des aHS dans les capillaires entourant la 

tumeur ainsi que la densité et la prolifération vasculaire. Les capillaires au front tumoral étaient 

également négatifs pour l'aHS. Nous observons une distance de plus de 400 µm entre le front 

tumoral et le premier capillaire marqué par rapport à une moyenne de 20 µm dans les cas 

normaux. Les cas MELF ayant la plus forte diminution de l'aHS dans les glandes présentent un 

halo négatif de l'aHS dans le TME le plus large. De plus, la prolifération des capillaires MELF 

atteint 11,1%, contre 4,5% dans les cas moins invasifs et 1,9% dans les cas contrôles suggérant 

une angiogenèse tumorale. Dans cette première analyse, nous avons démontré que la baisse des 

aHS est en corrélation avec la prolifération des vaisseaux et l'invasion glandulaire. Au fur et à 

mesure que la tumeur évolue, le stroma subit un remodelage tissulaire sous l'action d'enzymes 

capables de modifier les chaînes glycosidiques de la MEC, dont les glycosyltransférases, 

sulfotransférases, sulfatases (sulfs) et l’HPSE. L’aHS est ainsi un acteur majeur des 

communications entre tumeur et MET. Nous avons ensuite cherché à comprendre comment les 
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glandes tumorales induisent une baisse des aHS sur les vaisseaux sur une aussi longue distance. 

Pour ce faire, nous avons analysé l'expression génique du tissu épithélial endométrial invasif 

microdisséqué au laser et l'avons comparé aux cas d’invasivité moyenne et faible IG et BF, 

chacun avec son MET environnant. Nous avons constaté que les MELF présentent une 

signature oncogénique particulière dans les cellules tumorales et stromales et augmentent 

l’expression des gènes suivants: HPSE, Sulfs, MMP9, MMP2, MMP12, VGFA et FGF2. Sulf1 

est particulièrement augmenté dans les cas MELF tandis que Sulf2 est observé parmi tous les 

modèles d'invasion myométriale. L’augmentation de ces gènes par les cellules tumorales et les 

cellules stromales activées induira à son tour un remodelage enzymatique des HS 

protéoglycanes dans l’EMT conduisant à l'activation des voies oncogéniques liées aux HS. 

Parmi les processus régulés à la hausse dans tous les MELF, nous trouvons la prolifération 

cellulaire (FGFR, STAT, MAPK, AKT), la transformation cellulaire (JAK-STAT), la survie 

cellulaire (AKT oncoprotéine), la migration cellulaire (MAPK) et l'angiogenèse (VEGF et 

signalisation d'activation plaquettaire). La signalisation par le VEGF est particulièrement 

exclusive au modèle MELF. La forte diminution des aHS est supposée participer à l'activation 

de la voie de signalisation du VEGF via l'activation plaquettaire. Ce résultat explique la forte 

augmentation de la prolifération cellulaire observée dans les capillaires du stroma négatif des 

MELF. Ensemble, ces résultats montrent que les MELF ont des caractéristiques moléculaires 

distinctes soutenant des caractéristiques plus agressives. La combinaison d'évaluations 

histologiques et des aHS pourrait être utile pour réévaluer les patients dont le pronostic est 

potentiellement mauvais. 

Comme la dégradation des aHS est associée à des caractéristiques invasives et pro-

angiogéniques du CE, nous avons ensuite cherché à inhiber, in vitro, l'activité catabolique de 

l’HPSE afin de restaurer les activités biologiques normales des cellules tumorales. Les effets 

anti-prolifératifs, anti-migratoires, anti-invasifs et anti-angiogéniques de l'héparine et des HS 

mimétiques synthétiques conçus pour entrer en compétition avec les HS endogènes et inhiber 

l'activité de l’ HPSE, ont été évalués. Ces traitements ont remarquablement ralenti la vitesse 

migratoire avec un maximum de -52,62% à une concentration de 100 µg/ml par rapport aux 

cellules non traitées. Nous avons constaté les inhibitions plus élevées étaient attribuées aux 

composés ayant un fort pourcentage de sulfatation et n'était pas médiée par des interactions 

AT-aHS. L'invasion des cellules tumorales a diminué de 87% et nous observons une inhibition 

de -52,97% de la prolifération cellulaire. Les dérivés des HS ont également inhibé de 51,7% 

l'angiogenèse induite par la tumeur en diminuant le nombre de branches endothéliales induites 

par le milieu conditionné de la tumeur, suggérant que ces inhibiteurs neutralisent les molécules 

angiogéniques libérées par les cellules tumorales. Enfin, le test de liaison de l’AT de milieu 

conditionné a révélé que les glycanes sulfatés induisent un turnover dans lequel le les aHSPG 

endogènes sont excrétées des cellules vers la MEC pour piéger les molécules pro-

tumorgéniques libres.  

Pour conclure, la diminution de l'expression des aHS est corrélée à l'invasivité tumorale et 

l'inhibition in vitro des processus tumoraux par les dérivés HS soutiennent le potentiel 

pronostique et thérapeutique des aHS en tant que modulateur de l'invasion des cellules 

tumorales dans l'endomètre. 
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Abstract 
Endometrial adenocarcinoma (EC) develops through an estrogen-driven “adenoma 

carcinoma” pathway and leads in some cases to the development of invasive adenocarcinoma. 

There is no effective screening test for early detection to distinguish which patients are going 

to evolve into a metastatic disease. Aggressive tumor cell invasion requires the disruption of 

the invaded tissue through the breakdown of its basement membranes and extracellular matrix 

(ECM), namely, tissue remodeling. In addition, tumor cells promote angiogenesis, a process 

crucial to tumor development and metastatization. Tissue remodeling and angiogenesis 

constitute privileged targets to develop new diagnostic and therapeutic tools, in particular in 

EC. Heparan Sulfate Proteoglycans (HSPG) are glycoproteins ubiquitously distributed on the 

surface of animal cells and in ECM. They are implicated in many biological processes such as 

cell proliferation, migration and angiogenesis through a vast array of protein binding. In human 

uterus, aHS (aHS) is present on vessel walls and the glandular epithelium but disappears during 

tissue remodeling occurring in the implantation window of the estrus cycle. We thus 

hypothesize that the tumor could use the same strategy to induce pathological tissue remodeling 

required for its propagation including invasion and angiogenesis. This assumption is supported 

by the fact that, in most cancers, aHS catabolic enzyme heparanase (HPSE) is elevated and 

shifted to an extracellular form modulating ECM HS and GF signaling.  

We postulate that aHS serves as marker of tissue integrity and its post-biosynthetic 

enzymatic modifications facilitates tissue remodeling and invasion. The first aim of the present 

thesis is to evaluate if aHS downregulation through HPSE degradation could be a valuable 

diagnostic tool to identify at early stage highly invasive EC. aHS and HPSE expression were 

characterized on tissue sections of 102 neoplastic carcinoma grade 1 cases with variable 

intensity of invasion. The analysis was done in both tumor compartment and the TME [2]. 

Tumor glands were shown to strongly increase by 110.1% HPSE expression and reduce aHS 

by 45.5% compared to normal glands. Interestingly aHS showed extensive downregulation in 

the most aggressive pattern of myometrial invasion MELF with a decrease of 68.8%. We then 

assessed aHS expression in capillaries surrounding the tumor and micro vessel density and 

proliferation index were evaluated. Capillaries at tumor front were also negative for aHS. We 

observe a distance of more than 400µm between tumor front and the first labeled capillary 

compared to an average of 20 µm in normal cases. MELF cases with the highest decrease of 

aHS in glands at the tumor front had the largest aHS negative halo in the TME. Additionally, 

in invasive tumor fronts of MELF, capillaries proliferation was increased up to 11.1%, 

compared to 4.5% in less invasive cases and 1.9% in control cases suggesting a tumor-induced 

angiogenesis. In this first analysis we demonstrated that aHS downregulation correlates with 

vessels proliferation and glandular invasiveness. As the tumor evolves, the stroma undergoes 

tissue remodeling under the action of enzymes able to modify the glycosidic chains of the 

ECM, i.e., glycosyltransferases, sulfotransferases, sulfatases (Sulfs), and HPSE. aHS is thus a 

major player in tumor-TME crosstalk. We then aimed to understand how tumor glands 

downregulates aHS on blood vessels of the TME by such a long distance. To do so, we 

performed gene expression profiling of laser capture microdissected MELF invasive 

endometrial epithelial tissue and compared it to medium and less invasive IG and BF 
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endometrial epithelial tissues, each with its immediately surrounding TME. We found that 

MELF pattern exposes particular oncogene signature in both tumor and TME cells with 

upregulated HPSE, Sulfs, MMP9, MMP2, MMP12, VGFA and FGF2. Sulf1 is particularly 

upregulated in MELF cases while Sulf2 is seen among all the patterns of myometrial invasion. 

Upregulation of these genes by tumor cells and activated TME cells will in turn induce 

enzymatic remodeling of HS proteoglycans in the TME leading to activation of HS-related 

oncogenic pathways. Among processes upregulated in all MELF we find cell proliferation 

(FGFR, STAT, MAPK, AKT), cell transformation (JAK-STAT), cell survival (AKT 

oncoprotein), cell migration (MAPK) and angiogenesis (VEGF and platelet activation 

signaling). VEGF angiogenesis pathway is particularly exclusive to MELF pattern. Strong 

downregulation of aHS expression is believed to participate in VEGF pathway activation via 

platelet activation. This result explains the sharp rise of cell proliferation observed in MELF 

capillaries in aHS negative stroma. Together these results show that MELF patterns have 

distinct molecular characteristics supporting more aggressive features. Combination of 

histological and aHS evaluations could be useful to re-evaluate patients with potential worse 

prognosis.As aHS degradation is associated with invasive and pro-angiogenic features of EC, 

we next aimed to target in vitro HS-degrading activity of HPSE to restore normal biological 

activities of tumor cells. The anti-proliferative, anti-migratory, anti-invasive and anti-

angiogenic effects of heparin and synthetic HS mimetics designed to compete with endogenous 

HS and inhibit HPSE activity was analysed. Drugs treatments remarkably slowed the cell front 

velocity with a maximum of -52.62% on a concentration 100µg/ml compared to non-treated 

cells. We have found that higher inhibition was attributed to compounds with high sulfation 

and was not mediated through AT-aHS interactions. Tumour cell invasion was decreased by 

87% and we observe an inhibition of -52.97% of cell proliferation. HS derivatives also 

inhibited by 51.7% tumour-induced angiogenesis by decreasing the number of endothelial 

branches induced by tumour conditioned media suggesting that these inhibitors neutralize 

angiogenic molecules released by tumour cells. Finally, AT-ligand binding assay of 

conditioned media revealed that sulfated glycans, induce a turnover in which endogenous 

aHSPGs are released from the cells to the TME to trap free pro-tumorigenic molecules. 

To conclude, decreased expression of aHS correlates with tumor invasiveness and in vitro 

inhibition of tumorigenesis-related processes under HS derivatives support the prognostic and 

therapeutical potential of aHS as modulator of tumor cell invasion in the endometrium. 
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Introduction 
Like most great scientific advances, the discovery of heparin was the result of chance and 

a certain irony of fate [3]. Indeed, it all started in 1916, when Jay McLean, a second-year 

medical student, manages to isolate a very strong anticoagulant activity compound [4], while 

he was trying to identify pro-coagulating molecules! It was originally isolated from dog liver 

cells, hence its name (hepar or "ήπαρ" is Greek for "liver"; hepar + -in). 

It will take nearly 15 years for heparin to finally be associated with glycosaminoglycans 

(GAG), a family of polysaccharides complexes (including chondroitin sulfate, dermatan 

sulfate, hyaluronic acid and keratan sulfate) recognized from the end of the 19th century as 

basic constituents of extracellular matrices and connective tissues [3, 5]. Heparan sulfate (HS) 

was identified later on during the purification of heparin and was initially called "heparin 

monosulfate", because considered as a by-product of heparin [3]. It was in 1958 that the concept 

of proteoglycan was born, thanks to Helen Muir works [6]. 

Due to their potent anticoagulant activity, a big interest in heparin and HS then emerges. 

From the 1930s to 1970s, several researchers were investigating heparin and HS structure. The 

culmination of all this work will lead to the identification of the specific pentasaccharide motif 

for the fixation and activation of antithrombin III (AT-III) [3, 7]. Purified heparin preparations 

extracted from tissues rich in mast cells remains today the ideal rapid anticoagulant and have 

been used clinically for over half a century [8]. Again, the emerging roles of heparin and HS 

in cancer result of a coincidence. As venous thromboembolism is a well-known cause of death 

in patients with cancer [9], heparin has been frequently used in the treatment of cancer-

associated thromboembolism and it appeared that cancer patients treated with heparin survived 

longer than patients treated with other anticoagulants [10, 11]. 

Finally, during the late 1980s, identification of new ligand properties of HS proteoglycans 

(HSPG) paved the way for new biological functions. It first started with the discovery of the 

major role of HSPGs as a co-receptor essential for the activity of the growth factor FGF-2 [3]. 

Today, more than 300 proteins are known to interact with GAGs and these polysaccharides are 

clearly identified as essential players to regulate key cellular processes in both physiological 

and pathological conditions [3, 12].  

Cancer is characterized by abnormal cell growth that involves a range of unique alterations 

in intracellular and intercellular space. Because HSPGs are the main mediators of 

communication (cell–cell and cell–ECM communication) in the intracellular space, they play 

a major role in malignant transformation and tumor metastasis [13]. Over the last 30 years of 

active research, there has been an explosion of information about the molecular biology of 

cancer. The challenge remains to translate this information into advances in drug therapy for 

patient care. How are anticoagulant HSPGs implicated in endometrial cancer and how can we 

manipulate them for our benefit? …will be the main problematics of the following work. 
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1. PHYSIOLOGY OF THE ENDOMETRIUM 

1.1. Architecture of the uterus 

The uterus belongs to the family of female hormone-responsive reproductive organs, 

including ovaries, breast, uterus, cervix, vagina and vulva in adult woman. These organs have 

the particularity to be in constant remodeling from puberty to menopause under the influence 

of the cycling release of sex hormones of the estrus cycle. This constant hormonal stimulation 

induces cyclic proliferations making them more prone to mutations increasing the risk of 

developing cancer [14]. 

 
Figure 1. Regions of the uterus.  

The uterus is located within the pelvic region immediately behind and almost overlying the bladder, and in 

front of the sigmoid colon. The uterus can be divided anatomically into four regions: the fundus – the uppermost 

rounded portion of the uterus in which the fallopian tubes connect to the uterus, the corpus (body), the cervix, 

and the cervical canal. The uterus has three layers, which together form the uterine wall. From innermost to 

outermost, these layers are the endometrium (light pink), myometrium (medium pink), and perimetrium (deep 

pink). 

The uterus is a hollow, muscular organ with thick walls, and it has a glandular lining called 

the endometrium (Figure 1). In an adult the uterus is 7.5 cm long, 5 cm in width, and 2.5 cm 

thick [15]. The uterus is composed of three layers of tissue; from outermost to innermost, we 

find, the perimetrium, the myometrium and the endometrium (Figure 1). The outer layer is a 

serous coat, equivalent to peritoneum. Perimetrium consists of superficial mesothelium (simple 

squamous epithelium), and a thin layer of loose connective tissue beneath it containing blood 

vessels. The middle layer of tissue (myometrium) is muscular and comprises the greater part 

of the bulk of the organ. It is very firm and consists of densely packed smooth muscle fibers. 

Blood vessels, lymph vessels, and nerves are also present. The muscle is more or less arranged 

in three layers of fibers running in different directions. The outermost fibers are arranged 

longitudinally. Those of the middle layer run in all directions without any orderly arrangement; 
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this layer is the thickest. The innermost fibers are longitudinal and circular in their arrangement. 

The innermost layer of tissue in the uterus is the mucous membrane, or endometrium. It lines 

the uterine cavity as far as the isthmus of the uterus, where it becomes continuous with the 

lining of the cervical canal. The endometrium consists of a single layer of columnar epithelial 

followed by the endometrial stroma. The endometrial stroma is composed of simple tubular 

glands, blood vessels and connective tissue including fibroblasts, adipocytes, macrophages, 

mast cells and leucocytes. The glands secretions function to provide the initial nutritional 

support of the conceptus and may have a role in maintaining adhesion.  

 

Figure 2. Structure and layers of the uterus.  
Histological images showing the overall topographical organization of the uterus by hematoxylin-Eosin 

staining. This slide is actually at stage between proliferative and secretory (luteal phase). The perimetrium (1) 

is composed of superficial mesothelium and a thin layer of loose connective tissue. The myometrium is 

arranged in three layers of smooth muscle fibers running in different directions:  longitudinally in the outer 

region (2), in all directions in the thickest middle region (3) and longitudinally and circular in the inner region 

(4). The myometrium is composed of lot of blood vessels with bigger arteries in the regions (2) and (3), 

lymphatic vessels, and nerves with connective tissue. The endometrium (5) contains numerous uterine glands 

that open into the uterine cavity and are embedded in the cellular framework or stroma of the endometrium.  

The appearances of the endometrium vary considerably at the different stages in 

reproductive life. It begins to reach full development at puberty and thereafter exhibits dramatic 

changes during each menstrual cycle. It undergoes further changes before, during, and after 

pregnancy, during the menopause, and in old age. These changes are for the most part 

hormonally induced and controlled by the activity of the ovaries.  

1.2. The Estrus cycle 

The female reproductive tract is a highly dynamic organ system. It undergoes numerous 

sequential morphological changes over the course of estrous cycle. Knowledge of the normal 

histological appearance of the reproductive tract at each stage of the estrous cycle is essential 



12 
 

 

when evaluating female reproductive tissues remodeling of both physiological and pathological 

conditions.  

To understand the nature of the changes in the endometrium during each menstrual cycle 

we will consider the endometrium to be composed of two layers or zones. They blend 

imperceptibly but are functionally distinct. The inner layer is shed at menstruation, and the 

outer layer remains in position against the innermost layer of the myometrium. The two layers 

are called, respectively, the functional endometrium and the basal endometrium (Figure 3).  

The functional endometrium is adjacent to the uterine cavity and contains first a single layer 

of columnar epithelium facing the lumen, plus a layer of connective tissue, the stroma that 

varies in thickness according to hormonal influences. This layer contains the main portion of 

uterine glands called functional glands. They are simple tubular glands that reach from the 

endometrial and superficial blood vessels and lie beneath the lining cells of the stroma.  

The basal endometrium stratum lies against the uterine muscle; it contains blood vessels 

and the bases of the uterine glands. Its stroma remains relatively unaltered during the menstrual 

cycle.  

 

Figure 3. Layers of the endometrium. 
Histological images showing the overall topographical organization of the endometrium by hematoxylin-Eosin 

staining. The endometrium consists of two layers, the functional and the basal. The functional layer is nearest 

to the uterine cavity and is composed of a single layer of columnar epithelium plus the stroma containing 

functional glands. This layer undergoes tissue remodeling during the cycle.  The basal layer, adjacent to the 

superficial myometrium, is composed of stable stroma and basal parts of glands. 

The menstrual cycle extends over a period of about 28 days (normal range 21–34 days), 

from the first day of one menstrual flow to the first day of the next. It reflects the cycle of 

changes occurring in the ovary, which is itself under the control of the anterior lobe of the 

pituitary gland. The menstrual cycle in the uterus can be divided into menstruation, 

proliferative phase, and secretory phase and is controlled by the endocrine system (Figure 4). 

It is important to note that, in the endometrium, only the functional layer undergoes tissue 

remodeling during the estrus cycle.  
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In humans, the functional layer is completely shed during menstruation. Then, under 

complex hormonal interplay, follicles in the ovary start to develop. As they mature, the ovarian 

follicles secrete increasing amounts of estrogens which initiate the formation of a new layer of 

endometrium in the uterus. The functional layer is built up after the end of menstruation during 

the first part of the menstrual cycle. The basal layer, adjacent to the myometrium and below 

the functional layer, is not shed at any time during the menstrual cycle. The functional layer 

develops on top of it. Proliferation is induced by estrogen. The functional layer grows to a 

thick, blood vessel-rich, glandular tissue layer. When fully developed at the middle of the cycle, 

the dominant ovarian follicle releases an ovum (egg) initiating the secretory phase of the 

endometrial cycle. 

During the secretory phase, pituitary hormones cause the remaining parts of the dominant 

follicle to transform into the corpus luteum, which produces progesterone. The functional 

endometrium again undergoes tissue remodeling engendered by the rise of progesterone levels 

by the corpus luteum. The functional endometrium prepares for implantation of the blastocyst 

(fertilized egg) and provides an optimum environment for the implantation and growth of the 

embryo. This time-lapse, in which the endometrium is receptive, constitutes the implantation 

window. If implantation does not occur within approximately two weeks, the levels of 

progesterone and estrogen drops causing the uterus to shed its lining and egg in menstruation. 

 

Figure 4. The menstrual cycle.  
Figure showing the progression of the menstrual cycle and the different hormones contributing to it. 

Endometrial remodeling results from cyclic secretions of both pituitary gland and ovary. FSH pituitary hormone 

stimulates estrogens production by the ovary and follicles maturation. Estrogens in turn stimulate proliferation 

of endometrium. LH pic induces ovulation in the middle of the cycle. Corpus luteum produces increasing 

amount of progesterone that will further act on endometrium and triggers the lining to thicken to accept a 

fertilized egg. Corpus luteum breaks down at the end the cycle, lowering the progesterone levels. This change 

sparks menstruation [15]. 
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1.3. Glandular remodeling 

The hormonal changes influence both glandular component and the stroma of the functional 

endometrium (Figure 5). 

During the menstruation, the endometrium is reduced in height and has an average 

thickness of 1.9 mm. The endometrium develops in the proliferative phase from 5 to 11 mm 

thickness [15]. Simple tubular glands appear round and oval shaped on histological sections 

and are relatively small. No morphological distinctions were noticed according the different 

layers. 

In early secretory phase, right after the LH release, the endometrium increased by 2 folds 

as result of proliferation occurred in the previous phase. The endometrial glands have 

undergone dramatic changes. In the functional layer, they appear elongated and coiled with 

wide lumens and produce a glycogen-rich secretion. In the basal layer, they appear elongated 

but less coiled. 

In the secretory phase, the endometrium shares a similar morphology to the early secretory 

indicating that physiological tissue remodeling occurs quickly after hormone stimulation with 

a thickness up to16 mm measured [15]. The glands appear more coiled with less stroma and 

clear secretions are visible inside the lumen. Glands of the basal layer are less subject to 

morphological changes and appear more stable during the cycling endometrium. 

 
Figure 5. Glandular remodeling during the estrus cycle. 
During the menstrual cycle, endometrial glands (→) undergo massive structural remodeling. Functional 

endometrium is the most to incur hormonal fluctuations. They go from small round/oval shaped during 

follicular stage (1) to coiled/elongated with wide lumen during luteal stage (2, 3) reducing stroma (S). We can 

observe a gradual change (from 1 to 3). In mid-secretory phase, glands are fully functional and produce 

glycogen-rich secretion to produce a suitable environment for implantation. Basal glands adjacent to the 

myometrium (M) do not undergo big changes and appear constantly oval to slightly coiled (4, 5, and 6). 
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As a result of hormonal stimulation, we can see in the Human Protein Atlas database that 

numerous proteins are overexpressed in the functional endometrium during the menstrual cycle 

[16]. Those proteins have an important role in the cyclic remodeling of the human 

endometrium. The corresponding specific proteins are expressed in the glandular and stromal 

cells of the endometrial mucosa [17]. The expression of many of these proteins vary depending 

on the menstrual cycle. 

During menstruation, the expression of matrix metalloproteinases (MMPs) increases 

dramatically at the onset of the menstrual phase. MMP10 was shown to be overexpressed on 

epithelial cells of the glands and MMP11 on stroma cells [18]. They facilitate ECM breakdown 

and shedding of the endometrial superficial functional layer.  

Proteins expressed during the proliferative phase include PGR, a progesterone receptor 

expressed in both glandular and stromal cells, which plays a central role in reproductive events 

regulating transcription [19]. Zieba et al. exposed on a remarkable analysis of the human 

endometrium-specific proteome defined by transcriptomics and antibody-based profiling. They 

have found that five genes (CPM, TXNRD3, UAP1, NUSAP1, and SLC9A3R1) showed a 

substantially higher level of expression in the glandular cells of proliferative phase compared 

to samples representing secretory phases [20]. These genes are regulated by estrogen and are 

known to play multiple roles in the cells including protection against oxidative stress and 

apoptosis, regulation of transcription factor activity, and regulation of cellular proliferation 

[21-25]. 

During the secretory phase, Progestogen-associated endometrial protein (PAEP) is 

overexpressed in glandular cells [26]. PAEP is a glycoprotein that inhibits cell immune 

function and plays an essential role in the pregnancy process [27].  

Proteins expressed during both the proliferative and secretory phase include the 

transcription factor HOXA11, which is involved in the regulation of uterine development and 

is required for female fertility. It is interesting to note that the expression in glandular 

epithelium was dramatically decreased or disappeared in the mid-secretory phase at the time 

of implantation suggesting a role during receptivity of endometrium [28]. Also expressed in 

stroma cells, is HOXA11 while SFRP4, a modulators of Wnt signaling with a role in regulating 

cell growth and differentiation in specific cell types, is expressed both in stroma and glandular 

cells [29]. 

1.4. Endometrial angiogenesis 

The uterus is supplied with blood by the two uterine arteries, which are branches of the 

internal iliac arteries, and by ovarian arteries, which connect with the ends of the uterine arteries 

and send branches to supply the uterus. In the healthy adult woman angiogenesis is rare and 

occurs only in the ovarian follicle, corpus luteum and uterine endometrium [30-32]. In this last 

one, angiogenesis participates in the three stages: during menstruation for repair of vasculature, 

during rapid endometrial growth of proliferative phase and during secretory phase [33]. As 

well as glandular component, the endometrial vasculature undergoes cyclic remodeling as it 
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grows and regresses during the menstrual cycle. Under these physiological circumstances 

angiogenesis is highly regulated, which means being turned on for brief periods and then 

completely inhibited [34]. 

There are two different types of angiogenesis: sprouting of capillaries from pre-existing 

vessels, and non-sprouting angiogenesis [35]. Sprouting angiogenesis is a multistep process 

involving degradation of the basement membrane, invasion in stroma, endothelial cell 

proliferation and migration, and tube formation. Non-sprouting angiogenesis can occur by 

proliferation of endothelial cells inside a vessel, producing a wide lumen that can be split by 

transcapillary pillars or fusion and splitting of capillaries [30, 35]. Sprouting was the first 

angiogenic mechanism to be described and occurs during neovascularization of avascular 

tissues, such as the rapidly growing corpus luteum, or vascular invasion of growing tumors 

[36]. These processes are controlled by an angiogenic switch mechanism, which is triggered 

by a change in the balance of inducers and inhibitors of angiogenesis [37]. 

Against all odds, giving an overview description of physiological angiogenesis in the 

endometrium during estrus cycle is challenging. Different points of view diverge, and the latest 

descriptions have been made few decades ago as the main interest nowadays remains on 

pathological processes. I will try to resume in a simplified way the main hallmarks of this topic.  

 

The research community agrees that vessel elongation is the major endometrial angiogenic 

mechanism in the functional endometrium of the proliferative phase of the cycle (Figure 6). 

However, complexity is established while proliferative phase is often split into 3 periods; the 

early proliferative or post menstrual phase, the mid proliferative and finally the late 

proliferative phase. It has been shown that during early proliferative phase, post-menstrual 

  

Figure 6. Schematic diagram of endometrial angiogenesis.  

A. Schematic representation of the 3 mechanisms of angiogenesis: sprouting, intussusception and elongation. 

Quiescent endothelial cells are shown in blue and proliferating endothelial cells in red [33].  B. The proposed 

mechanisms of endometrial angiogenesis for each stage of the menstrual cycle stage is indicated. 
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repair occurs from the remaining superficial layer of the basal endometrium. The mechanisms 

through which this repair occurs have not yet been determined. However, in a study published 

in 2002 Gambino et al. state that in early and mid-late proliferation phase, the vascular growth 

occurs by elongation of existing vessels under estrogen stimulation [38]. They also stipulate 

that between the early proliferative and mid–late proliferative phases another vessel growth 

occurs as the blood vessel length density is highest at the mid–late proliferative and early–mid 

secretory phases of the cycle and that patterns of vascular growth are similar in the functional 

and basal layers. In another study, it is described that in late proliferative phase, angiogenesis 

is slowed and a process of maintenance of vessels is then set up [30].  

During secretory phase, spiral arterioles show significant growth and coiling in the 

functional layer. A sub epithelial capillary plexus, which is supplied by the arterioles, develops 

and reaches its maximum in mid secretory phase in the implantation window [33]. It has been 

found that during this stage there is an increase in the vessel branch point density, which may 

occur by sprouting or intussusceptive angiogenesis [39]. Again, Gambino et al affirm a 

decrease in vessel segment length in early-mid secretory phase while vessel length density 

remains elevated suggesting that this angiogenic remodeling results in more vessel junctions, 

rather than vascular regression [38]. At the end of the cycle, in the absence of progesterone, 

the arteries supplying blood to the functional layer constrict, so that cells in that layer become 

ischemic and die, leading to menstruation.  

I think it is fair to say that vessel growth in the human endometrium occurs by broadly non-

sprouting mechanisms (elongation or intussusception). The molecular mechanism is as well, 

complex and incomplete as sprouting mechanism is the most analyzed. While vascular 

endothelial growth factor (VEGF) is fundamental to endometrial angiogenesis, details of how 

and when different endometrial cell types produce VEGF, and how production and activity is 

controlled by estrogen and progesterone, remains to be elucidated [40]. A very good review 

made by Gargett and Rogers in 2001 highlighted the association of inflammatory conditions 

and endometrial angiogenesis. In this review we can read that correlation between foci of 

VEGF staining in the endometrial stroma component and proliferation of endothelial cells has 

successfully being proven. However, neither total glandular nor total stromal fibroblasts VEGF 

production was related to angiogenesis [33]. These observations suggest that the source of 

angiogenic factors for non-sprouting endometrial angiogenesis derived from circulating 

leucocytes such as neutrophils which are released in endometrial stroma when the cells become 

activated. Intravascular neutrophils containing VEGF have thus been identified as having a role 

in stimulating endometrial angiogenesis, although other currently unidentified mechanisms 

must also exist [40]. 

Despite accumulations of scientific data from pertinent publications, the analysis of human 

endometrial angiogenesis during the cycle is incomplete and it is still not clear which 

mechanisms control vascular growth in the endometrium and at which stage of the menstrual 

cycle new blood vessel formation occurs [41]. This thesis work will provide a modest 

complement to this analysis. 
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2. ENDOMETRIAL ADENOCARCINOMA 

2.1. Endometrial cancer Grade 1 generalities and histopathology 

Endometrial cancer (EC) is the most common cancer of the female reproductive system. In 

Europe, 1 to 2 in every 100 women will develop EC at some point in their life (based on the 

ESMO Clinical Practice Guidelines). In the European Union, over 88,000 women are 

diagnosed with an EA each year. This number is increasing in the majority of European 

countries. EC usually occurs in women over the age of 50 and thus after menopause, but up to 

25% of cases may occur before the menopause [42]. The incidence of EC and the numbers of 

young women suffering from this disease are increasing globally [43]. It is estimated to 

increase by 50% to 100% in the next 20 years [44, 45]. 

 Most of EAs are adenocarcinomas. The term “adenocarcinoma” designs a glandular origin 

as it is composed of “adeno” for glands and “carcinoma” for epithelial cancer. It results of the 

abnormal growth of epithelial cells from endometrial glands that have the ability to invade or 

spread firstly the endometrial compartment, then the myometrium and later other parts of the 

body. Staging is a way of describing where the cancer is located, if or where it has spread, and 

whether it is affecting other parts of the body in order to adapt treatments. 

Doctors assign the stage of EC using the International Federation of Obstetrics and 

Gynecology (FIGO) system. In stage I, 80% of total EC, the cancer is found only in the uterus 

compartment, and it has not spread to the cervical stroma or beyond the pelvic area. In this first 

stage, two distinct sub categories are described: Stage IA and IB. In stage IA, the cancer is 

found only in the endometrium or less than one-half of the myometrium while in stage IB, the 

tumor has spread to one-half or more of the myometrium. Doctors also describe EA by its grade 

to evaluate how much EC cells resemble healthy cells. It is a three-tiered system for 

histologically classifying ECs, ranging from cancers with well-differentiated cells (grade I), to 

very poorly-differentiated cells (grade III) [46]. If tumor cells appear similar to healthy tissue 

and has different cell groupings, it is called "differentiated" or a "low-grade tumor." If the 

cancerous tissue looks very different from healthy tissue, it is called "poorly differentiated" or 

a "high-grade tumor." The cancer’s grade may help the doctor predict how quickly the cancer 

will spread and is used as prognosis. 

In this thesis work, only EC Grade 1 Stage 1A and 1B with myometrial invasion was 

analyzed as our subject of interest is the evaluation of pathological tissue remodeling (invasion 

and angiogenesis) occurring in early stage EA. Grade I cancers are the least aggressive and 

have the best prognosis.  
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The histopathology of ECs is highly diverse but not less essential as it is the principal 

method for diagnosis. EC is composed of numerous, small, crowded glands with varying 

degrees of stratification and slight atypia (Figure 7). Nuclear polymorphism is variable but is 

usually only mild to moderate. We commonly observe large round nuclei with variable 

prominent nucleoli and a coarse clumped chromatin visible at high magnification, signs of an 

increase of the mitotic activity. A visible inflammation is often visible. 

These glands invade the myometrium in different manners. Five patterns of invasion were 

recorded in EC grade 1: Infiltrating Glands (IG), Microcystic Elongated and Fragmented 

Glands (MELF) which is a distinctive histologic variant of the infiltrative gland pattern, broad 

front (BF), Adenomyosis Like (AL), and Adenoma Malignum (AM). Since all this patterns 

was present in my cohort study, a description of their histological characteristics will be done 

on the introduction in order to have a better comprehension and overview (Figure 8). 

The IG pattern is the most common pattern of myometrial invasion in EC. This pattern is 

characterized by individual glands to small cluster of glands with irregular contour that 

infiltrate the myometrium with and without stromal response. The infiltrative gland pattern was 

also found in higher stage, (Stage IB and Stage II), and was associated with lymphovascular 

invasion and recurrence, suggesting that this growth pattern may be associated with tumors 

having other histologic features typically associated with more aggressive behavior [47]. The 

second most common pattern is the BF pattern. As indicated by his name, it is characterized 

by cluster of tight glands without stroma or myometrium space between glands that infiltrate 

    

Figure 7. Histopathology of EC Grade 1.  

A. In stage 1A, tumor is confined to the uterus with less than half myometrial invasion while in stage 1B, tumor 

involves more than half of the myometrium. B. In physiological circumstances, we observe a single columnar 

glandular epithelium inside the stroma (S). C. Tumor gland of EC grade 1 is characterized by an epithelial 

proliferation leading to a stratified epithelium and generates a stromal reaction (SR) in the myometrium. 

However, tumor epithelial cells are still well differentiated with a slight pleomorphism. In cancer, lymphocytes 

(arrow) are visible inside the epithelium and are called tumor-infiltrating lymphocytes (arrow head). H&E stain. 
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the myometrium with a pushing and undulated border, indicative of an irregular endometrial 

interface. When the myometrial invasion is superficial, the stromal response is often absent. 

The MELF pattern is composed of small, fragmented clusters of tumor cells set (or microcystic 

glands) in a fibromyxoid, desmoplastic stroma. Accompanying inflammatory cells, notably 

neutrophils, are typically seen. This pattern is believed to be the result of a stromal response to 

the IG pattern due to the fact that numerous IG glands are still observable between MELF areas. 

However, the microcystic glands could also result from an epithelial to mesenchymal transition 

(EMT) [48] where the tumor cells detach from the original tumor gland in order to metastasize. 

This hypothesis is supported by an immunohistological study in which MELF pattern shows 

an altered immunophenotype compared with conventional glandular tumor areas. MELF 

pattern was characterized by reduced E-cadherin expression. Another epithelial marker, 

cytokeratin CK7, was shown to be partially expressed as some glands gave strong expression 

while in contrast adjacent unstained tumor glands was observable [49]. This phenomenon can 

be explained by the fact that MELF pattern in broadly heterogeneous with a mix of MELF 

glands and IG glands suggesting an intermediate phenotype between epithelial and 

mesenchymal with a progressive loss of epithelial markers. MELF pattern have been correlated 

with lymph node metastasis or extra uterine Disease [50, 51]. Nevertheless, pathologists today 

consider IG and MELF as similar patterns. In the adenomyosis-like pattern, there are too many 

groups of closely packed neoplastic glands to represent the normal distribution of adenomyosis. 

This pattern is characterized by a nest of malignant glands that infiltrate the myometrium in 

irregular islands and connected lumens. And finally AM, a rare pattern of myometrial invasion 

comprised of histologically unremarkable glands that infiltrate the myometrium with no 

surrounding tissue response. Glands are described as little regular and round glands often 

widely spaced and deeply colonizing the myometrium. 
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2.2. What causes endometrial cancer? 

Today, it is not clear why EC occurs. Some risk factors have been identified. A risk factor 

increases the risk that cancer occurs, but is neither necessary nor sufficient to cause cancer. A 

risk factor is not a cause in itself.  

The most common stage 1 EC is estrogen-related. Low grade EC is associated with atypical 

endometrial hyperplasia and is generally expressing estrogen and/or progesterone receptors 

(ER/PR positive). This is why, with a few exceptions, the factors increasing the risk of EC are 

linked to estrogens-induced proliferation and are therefore either endogenous (obesity, 

anovulatory cycles, estrogen secreting tumors…) or exogenous estrogen exposure (unopposed 

hormone replacement therapy, Tamoxifen…). In addition, numerous genomic alterations and 

activation pathways have also been demonstrated. 

  Estrogens-induced proliferation 

Women with a personal history of breast or ovarian cancer outweigh the risk of developing 

EC as Tamoxifen is commonly given as treatment for its anti-estrogen activity. Decrease in the 

risk should be expected, but tamoxifen also has a stimulating effect on the endometrium that 

can support the development of EC.  

  
  

Figure 8. The patterns of myometrial invasion.  

A. Histological section of an EC grade 1 stage 1B showing the extent of myometrial invasion. B.   IGs are 

composed of single or small groups of glands with irregular contours scattered in the myometrium. C.  BF, 

which has a linear limit between the tumor and the stroma beneath.  D.  MELF identified at the leading edge of 

the tumor associated with neutrophils infiltration and microcystic glands.  E.  Adenomyosis-like, composed of 

groups larger than five glands simulating adenomyosis.  E.  AM is composed of low cytological grade, regular, 

rounded, and widely spaced glands with no stromal response. 
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An estimated 40% of cases are thought to be related to obesity. In obesity, the excess of 

adipose tissue increases conversion of androstenedione into estrone, an estrogen. Higher levels 

of estrone in the blood cause less or no ovulation and expose the endometrium to continuously 

high levels of estrogens. Polycystic ovary syndrome (PCOS), which also causes irregular or no 

ovulation, is associated with higher rates of EC for the same reasons as obesity. Specifically, 

obesity, type II diabetes, and insulin resistance are risk factors for Type I EC [52]. Obesity 

increases the risk for EC by 300–400%. 

Estrogen replacement therapy during menopause when not balanced (or "opposed") with 

progestin is another risk factor. Higher doses or longer periods of estrogen therapy have higher 

risks of EC. Unopposed estrogen raises an individual's risk of EC by 2–10 fold, depending on 

weight and length of therapy. However, taking contraceptive pills containing both estrogen and 

progesterone lower the risk of developing EC. 

Having more menstrual cycles in a lifetime increases the risk of developing EC, again for 

hormonal reasons. A longer period of fertility, either from an early first menstrual period or 

late menopause, is also a risk factor. 

Lynch syndrome or HNPCC, an autosomal dominant genetic disorder that mainly causes 

colorectal cancer, also causes EC, especially before menopause. Women with Lynch syndrome 

have a 40–60% risk of developing EC, higher than their risk of developing colorectal (bowel) 

or ovarian cancer. Carcinogenesis in Lynch syndrome comes from a mutation in MLH1 or 

MLH2: genes that participate in the process of mismatch repair, which allows a cell to correct 

mistakes in the DNA. Other genes mutated in Lynch syndrome include MSH2, MSH6, and 

PMS2, which are also mismatch repair genes. Women with Lynch syndrome represent 5% of 

EC  cases [53]. Depending on the gene mutation, women with Lynch syndrome have different 

risks of EC. With MLH1 mutations, the risk is 54%; with MSH2, 21%; and with MSH6, 16% 

[54]. 

Genomic alterations 

 Estrogen-related grade 1 EC is typified by high frequency genomic alterations and several 

genes signature can be identified (Figure 9). Studies using cDNA microarrays confirm that 

endometrioid cancer grade 1 and serous EC grade 2 and 3 have distinctively different gene 

expression profiles.  
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 Increasing genetic damage can be seen in precursor lesions within the endometrioid 

pathway, beginning with PTEN tumor suppressor gene or PAX2 inactivation in normal-

appearing glands (latent precancers), followed by positive hormonal selection and clonal 

outgrowth as non-atypical hyperplasia. PIK3CA mutations play an active role for transition to 

atypical endometrial hyperplasia. This stage is characterized by FGFR2, ARID1A (BAF250a), 

KRAS mutations, and activation of the β-catenin gene (CTNNB1), as well as epigenetic 

silencing of MLH1 and microsatellite instability to finally result in development of low grade 

EC.  

 Although this model is applicable to a high proportion of endometrial carcinomas, not all 

tumors fit in. In fact, a grey zone exists between the two broad grades, with a significant number 

of tumors showing overlapping clinical, morphologic, and molecular features (Table 1). 

Indeed, the estrogen-independent Grade 2 tumors show loss of heterozygosity at different loci, 

altered p53, and abnormalities in genes regulating mitotic checkpoints. However, p53 

mutations are found in 14 to 20% of endometrioid carcinomas grade 1. This finding suggests 

that p53 is involved in the progression, but not the initiation, of endometrioid carcinoma. 

Moreover, there is an ongoing debate about whether a histologic subset of endometrioid 

carcinomas (those that are poorly differentiated or have high nuclear grade) should be assigned 

to the grade 2 group. A supporting study also revealed that MELF glands were usually negative 

for estrogen and progesterone receptor [49]. The MELF pattern of invasion is histologically 

very heterogeneous with a majority of IG type glands inside the tumor and toward the uterine 

cavity while MELF glands is mostly observable in the tumor front at the tumor-myometrium 

interface and thus are the pattern of invasion. We have previously seen that these MELF glands 

displayed more transformation compared to other types of invasions. A question then remains: 

 

Figure 9. Molecular changes during endometrial carcinogenesis.  

Scheme representing the estrogenic pathway leading to EC grade 1 from normal proliferating endometrium 

adapted from https://www.memorangapp.com/. It is well characterized that PTEN mutation is the first 

modification leading to non-atypical hyperplasia which is an excessive thickening of the endometrium with 

normal glandular epithelium. Several other modification of KRAS mutation and β-catenin activation leads to a 

precancerous atypical hyperplasia with accumulation of aberrant cells. Further mutations leading to AKT 

activation trigger endometrial tumorigenesis. 
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MELF glands should thus be associated to estrogen-related grade 1 endometrioid cancer or 

estrogen-independent grade 2 serous cancers? 

 

Pathways activation 

Our understanding of synergies between multiple independent genetic events that produce 

EC grade 1 centers upon the PI3K pathway, and its ability when perturbed to activate 

AKT/PKB signaling pathway, promoting survival and growth in response to extracellular 

signals. It is estimated that more than 80% of EC have an abnormality in the PI3K pathway. 

This pathway is initiated by multiple processes including genomic alterations described before. 

PTEN inactivation (50-80% of cases), or constitutive activation of KRAS (10–30%) (Table 1) 

or PIK3CA (30%) act in concert to accumulate PIP3, which in turn activates AKT by 

phosphorylation (Figure 10). Once activated, pAKT initiates a cascade of tumorigenic events 

that includes stimulation of the mTOR pathway, deregulation of cell cycle control, blocking of 

apoptosis, and prolonged cell survival [1].  

Recently, it has been demonstrated that increased signal transducer and activator of 

transcription (STAT3) pathway, increased expression of midkine (MK) and decreased E-

cadherin levels in EC cells may also play important roles in EC tumor 

transformation/dedifferentiation from latent to invasive cancer [55].  

The activated Ras protein interacts with RAF to promote RAF phosphorylation and activate 

MEK. The activated MEK phosphorylates MAPK, which is also known as ERK. This pathway 

regulates cell proliferation and differentiation in EC. The signaling cascade is activated by 

several upstream signaling sources, which include genetic alterations (K-Ras mutation), GFs, 

cytokines, interleukin, and mitogen [56]. 

 

 

This table has been published in a 

pertinent paper from Lee et al. and shows 

the incidence of the principal mutations in 

both estrogen-related grade 1 and 

estrogen-independent grade 2 EC [1]. As 

we can see, several genes signatures are 

found in both highlighting the 

histologically complexity of EC. 
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Following activation of PI3K/AKT and p38 MAPK pathways, the PI3K/AKT and p38 

MAPK pathways activates and recruits ETS-1 to the promoters of MMP-9 and MMP-13 to 

induce these genes. These MMPs in turn promote cell migration and invasion followed by 

metastasis [57]. 

2.3. Diagnosis state of knowledge 

The first sign is most often vaginal bleeding not associated with a menstrual period. The 

EC is usually diagnosed early enough due to the fact that the majority of EC affect post-

menopausal women. Other symptoms include pain with urination, pain during sexual 

intercourse, or pelvic pain. EC is first diagnosed with an ultrasound examination of the uterus. 

During this examination, the thickness of the endometrium is measured. When exceeding 3 to 

4 mm, a uterine endoscopy in which tissue samples are taken is usually carried out and the final 

diagnosis is based on histological features recognition.  

However, EC causes very few symptoms in its early stages as the tumor size is not 

consistent enough to cause visible disturbances. In addition, due to the rise of obesity, we 

observe an increase in the incidence in young women during the last decades where little 

bleeding outside of menstruation is often overlooked due to cycle irregularities induced by 

contraceptive pills [58, 59]. This is why a substantial percentage remains silent long enough to 

evolve. At diagnosis, only 75% of women have a cancer confined to the uterus ( FIGO stage 

1) [60]. For these women, the prognosis is good and the 5-year survival rate is 97% [60]. Due 

to the fact that grades 1 and 2 tumors usually do not spread to other parts of the body, they are 

 

Figure 10. Endometrial cancer pathway.  

Scheme representing the tumorigenic pathways from GFs and cytokines receptors activation leading to EC 

grade 1. This is not an exhaustive representation. Further pathways are implicated and a single pathway may 

impact more tumorigenic process at the same time with other pathways interactions. 
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usually treated as low-risk. However, a subset will demonstrate an unexpected and aggressive 

course and will develop recurrence after initial treatment of the primary tumor. To this date, 

there is no effective screening test to identify these patients. The prognosis for recurrent disease 

is poor; the median survival hardly exceeds 12 months [61]. Currently, the absolute and 

proportional number of patients with recurrent EC increases [62]. It is thus important to identify 

prognostic factors that may predict the development of recurrent disease, better diagnose these 

patients early enough to improve the choice of adjuvant therapy subsequently. Research of 

these markers has been the subject of much interest in the scientific field lately. On a 

retrospective study of a total cohort of 209 EC, the factors that were highlighted to be associated 

with the development of recurrent disease include age, histology, grade, histological type, ER 

and PR expression and the depth of myometrial invasion [61]. However, the importance of 

these factors remains controversial [63]. The degree of myometrial invasion continues to be a 

consistent indication of tumor virulence. As the depth of myometrial invasion increases, the 

chance of having extra uterine disease is greater. As noted above, grade and depth of invasion, 

as a generalization, are interrelated. As the grade of the tumor increases, an increase usually 

occurs in the depth of myometrial invasion; however, exceptions exist in that a grade 1 lesion 

can have deep myometrial invasion and a grade 3 lesion can be limited to the endometrium. 

When grade and depth of invasion are evaluated separately, the depth of invasion appears to 

be a more important prognostic factor than the grade of the tumor (Medsccape). A further 

challenge is whether or not to include desmoplasia with evident MELF neoplastic cells in 

tumors higher risk tumor. 

MELF pattern of myometrial invasion has been proposed as a prognostic marker in patients 

with EC. In a study within the category of low-grade endometrioid ECs, univariate analysis 

showed deep myoinvasion, MELF pattern of invasion and pelvic/paraaortic lymph node 

metastasis to be more common in patients whose tumors recurred at extravaginal sites [64]. 

Another study stipulates that MELF positive patients were more likely to present with higher 

grade tumors, lymph node metastasis, lymphovascular invasion and >50% myometrial invasion 

[65]. MELF pattern of myometrial invasion plays thus a critical role in lymphovascular space 

invasion and lymph node metastasis in patients with EC [50]. However, here, no difference 

was reported in global disease survival as well as local recurrence rates. Regardless, its 

implication in survival and recurrences still remains elusive [65]. A MELF pattern of invasion 

is reported to be associated with a higher “likelihood” of nodal involvement and distant 

recurrence but its significance as an independent risk factor remains unclear [66, 67]. 

Therefore, the presence of MELF-pattern invasion does not currently influence patient 

management but together with other invasive features remains the focus of research studies 

[68]. The challenge remains on finding the right complementary diagnosis/prognosis factor. 

2.4. Targeted drug therapy: state of knowledge 

Choice of EC treatment is closely dependent to the extent of stage diagnosed. Surgical 

procedures are still the most effective first-line treatments for this disease, which negatively 

affect future fertility that is important for young patients [44, 69]. Additionally, patients with 

recurrent EC have a poor prognosis, and are not usually cured by surgery, conventional 
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chemotherapy and radiation. Therefore, it seems imperative to develop new, effective, non-

surgical and conservative treatments strategies for patients with EC [70]. Targeted drug 

treatments focus on specific weaknesses present within cancer cells. Taking advantage of these 

weaknesses, targeted drug treatments can cause cancer cells to die or limit tumorigenesis 

processes such as tumor cell proliferation, spread and angiogenesis. Targeted drug therapy is 

usually combined with chemotherapy for treating advanced EC. There are several experimental 

therapies for EC under research, including immunologic, hormonal, and chemotherapeutic 

treatments.  

Cancers can be analyzed using genetic techniques (including RNA/DNA sequencing and 

immunohistochemistry) to determine if certain therapies specific to mutated genes can be used. 

Poly (ADP-ribose) polymerase inhibitor rucaparib is used to treat EC with PTEN mutations 

[71]. The PARP inhibitor shown to be active against EC is olaparib. Research is ongoing in 

this area as of the 2010s [71]. 

Recently, metformin, a widely used drug for the treatment of type II diabetes mellitus, is 

also a therapeutic candidate for EC treatment [72]. Metformin may exert its anticancer effects 

by inhibiting hyper proliferative processes, which trigger carcinogenesis [73]. Metformin 

decreases systemic insulin, and IGF-1 levels, which are strongly mitogenic and induce cancer 

cell proliferation and metastasis through activation of the PI3K/AKT/mTOR pathway, which 

is called insulin-dependent (indirect) effects. Additionally, metformin also inhibits activation 

of the PI3K/AKT/mTOR and MAPK/mTOR pathways through AMP-activated kinase 

(AMPK)-dependent and AMPK-independent pathways, which is also known as its direct 

effects. This leads to decreased protein synthesis and cell growth and increased autophagy and 

apoptosis. On a study published in 2020, short-term treatment with an oral metformin 

significantly reduced a proliferative marker Ki-67 index in women with endometrioid EC 

awaiting surgical staging [73]. On another recent study, metformin was shown to promote anti-

tumor biomarkers in Ishikawa human EC cells [74]. Early research has shown that metformin 

administration can reduce expression of tumor markers by altering EMT protein expression 

and MAPK signaling components [75]. Long-term use of metformin has not been shown to 

have a preventative effect against developing cancer [52]. 

Temsirolimus, another mTOR inhibitor, is under investigation as a potential treatment [76]. 

Research shows that mTOR inhibitors may be particularly effective for cancers with mutations 

in PTEN. Ridaforolimus (deforolimus) is also being researched as a treatment for people who 

have previously had chemotherapy. Preliminary research has been promising, and a stage II 

trial for ridaforolimus was completed by 2013 [77]. Bevacizumab and tyrosine kinase 

inhibitors, which inhibit angiogenesis, are being researched as potential treatments for ECs 

with high levels of vascular endothelial GF [2]. Ixabepilone is being researched as a possible 

chemotherapy for advanced or recurrent EC [78].  

These systemic treatment options are often accompanied by high toxicity and effective 

increase of survival rate is not yet proved but researches are still underway and there is no 

established standard of care yet for this disease. There is thus an urgent need to find modalities 

to developed more adequate treatment for patients with high risk of recurrence.  



28 
 

 

However, the research approach in blocking the activation of pathways implicated in 

tumorigenesis processes is interesting. This study contributes to this effort as modest 

complement by relying on an unexpected but no less essential element present in cancer cells 

and their microenvironment also both on the cells and the extra cellular matrix. Without raising 

more suspense, these elements are, as formulated in the title, heparan sulfates proteoglycans. 

3. HEPARAN SULFATE IN PHYSIOLOGY 

For the following part, I will introduce HSs in the context of EC by describing their 

characteristics from the widest to the detail as shown in the Figure 11. 

 

 

3.1. Proteoglycans and Glycosaminoglycans 

Proteoglycans (PGs) are ubiquitous glycoproteins found in most mammalian tissues and 

characterized by a core protein to which one or more chains of glycosaminoglycans (GAGs) 

are covalently associated. The functional properties of PGs and their classification depend on 

the polypeptide sequence of their core protein (defining different subfamilies of PGs), on the 

nature of their GAG chains and on their location. For example, syndecans (Sdc) and glypicans 

(Gpc), which are among the main classes of core proteins are mostly associated with HS [79, 

80]. They are anchored to the cell surface by a transmembrane domain or a 

glycosylphosphatidylinositol anchor. Some PGs are released in the extra cellular matrix (ECM) 

where they constitute major structural molecules [81, 82]. 

 

Figure 11. Schematic representation of the description which follows.  

From widest to the detail, we will first describe proteoglycans to which several glycosaminoglycans are 

attached and among them there are HSs. 
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Glycosaminoglycans, also known as mucopolysaccharides, are a family of long linear 

negatively-charged polysaccharides that are present in every mammalian tissue [83]. They are 

composed of repeating disaccharide units of hexosamine (N-acetylglucosamine or N-

acetylgalactosamine) and uronic (glucuronic/iduronic) acid or, in the case of keratan sulfate, 

galactose. On the basis of the aminosugar present in their chains, GAGs can be classified in 

two major categories: galactosaminoglycans, including chondroitin sulfate (CS) [84] and 

dermatan sulfate (DS); glucosaminoglycans, including hyaluronic acid (HA), heparin (HEP), 

HS and keratan sulfate (KS) (Figure 12).  

 

Each singe chain contains differently sulfated and acetylated disaccharide units which 

contribute to the structural variation of GAGs and allow to easily interact with a plethora of 

proteins, including GFs, morphogens, cytokines, enzymes and adhesion molecules. GAGs also 

vary in the geometry of the glycosidic linkage (α or β) and in aqueous solutions are surrounded 

by a shell of water molecules which makes them occupy an enormous hydrodynamic volume. 

Hyaluronic acid (HA) has the simplest structure of all GAGs and is the only member of the 

family which is not attached to a core protein. It consists of sequential repetitions of GlcA-

GlcNAc disaccharides up 107 Da [85]. The monosaccharide building blocks are synthesized in 

 

Figure 12. Structure of the different glycosaminoglycan chains.  

A.  Family of glycoaminoglycans. GalNAc : N-acetyl galactosamine ; GlcNAc/S : N-acetyl/N-sulfo 

glucosamine ; HexA : hexuronic acid ; Gal: galactose ; GlcA : glucuronic acid ; IdoA : iduronic acid.   Adapted 

from [3] and  https://mmegias.webs.uvigo.es/. 
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the cell cytoplasm and are recruited to the inner plasma membrane where HA is assembled and 

then secreted unmodified into the extracellular space [86]. HA is an important component of 

skin, connective tissue, cartilage, synovial fluid, umbilical cord and the vitreous of the eye. It 

plays an essential role in maintaining hydration, particularly through interactions with its cell 

receptor CD44 which is expressed on the surface of virtually all stem cells including cancer 

stem cells [87].  

CS [88] and DS [89] are constituted by N-acetylgalactosamine and an hexuronic acid: 

glucuronic acid in CS and both iduronic and glucuronic acid in DS, with a prevalence of IdoA. 

The sulfation pattern of CS/DS determines the biological activity of the resulting compound. 

CS can be O-sulfated on C-4 or C-6 of the galactosamine residue (CS type A and C, 

respectively) but also the double sulfated galactosamine has been found. DS can present 

additional sulfation on position 2 of the iduronic acid and has been called CS type B for a long 

time, due to the fact that it can also present glucuronic acid. CS chains are made up of 10-200 

disaccharide units and are found both on cell surfaces and in the ECM, particularly in cartilage 

where they participate to the elastic and compressive properties of the connective tissue. 

Keratan sulfate (KS) [90] is a β-1,3-linked poly-N-acetyl-lactosamine, the only GAG which 

contains galactose instead of a hexuronic acid. O-sulfation on C-6 may be present on both 

sugars, with increased frequency on the glucosamine, and give rise to differently sulfated 

regions. There are 3 types of KS, depending on how KS chains are attached to the core protein: 

KS I (N-linked to Asn) mainly found in cornea, skeletal KS-II (O-linked to Ser/Thr) typical of 

cartilage and KS III (mannose-Ser linkage) found in brain tissue. Another feature of KS is the 

presence of branches on the polysaccharide chain and the presence of fucose on the 

glucosamine and sialic acid at the end of chains (phenomenon known as "capping").  

3.1.1. HS and Heparin 

 Heparin (HEP) is the GAG with the highest degree of sulfation and is constituted by 

repeating disaccharide units of N-sulfated- or N-acetylglucosamine linked to either glucuronic 

or iduronic acids, the main disaccharide being GlcNS,6S-IdoA2S. Heparin is mainly found in 

mast cell secretory granules, where several chains are bound to a core protein to form the 

proteoglycan serglycin. 

HS is ubiquitously found in all cell types and is constituted by mainly GlcNAc linked to GlcA 

which are differently substituted to generate domains with mostly GlcNAc and absent/low 

sulfation (NA-domain), sulfated regions containing consecutive GlcNS (NS-domain) or mixed 

sequences with N-acetylated/N-sulfated glucosamine (NA/NS-domain). However, HS chains 

with high sulfation degree have been described in specific tissues and in pathologic conditions 

[91, 92].  

Both HS and Heparin are linked to a core protein by O-serine linkage and follow the same 

biosynthetic pathway. While heparin is mostly known for its anticoagulant activity thanks to 

the ability to bind and activate AT-III, an anticoagulant activity of HS has also been found on 

endothelial cells basement membranes. The specific sequence responsible for binding to AT is 

a pentasaccharide bearing a rare 3-O-sulfated glucosamine (abbreviated as GlcN*) which is 

present in nearly 30% of pharmaceutical heparin. Additional residues flanking the 
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pentasaccharide can modulate the affinity of heparin chains towards AT. Only 1–10% of HS 

isolated from tissues was found to bind to AT,  suggesting that AT recognizes a unique structure 

of HS [93] and this subset of chains is called anticoagulant HS (aHS) (Figure 13). 

AT is a member of the serine protease inhibitor family capable of inhibiting all blood clotting 

factors, in particular factor Xa and IIa. The activity of AT is strongly dependent on its 

attachment to the specific pentasaccharide motif. This interaction induces a conformational 

change in AT, resulting in the exposure of the reactive loop of the protein, which will then 

allow the recognition of target proteases and stabilize irreversibly the AT / protease complex 

[94]. 

 

3.2. HS  biosynthesis 

The biosynthesis of HS, is a complex and multi-step non-template driven process which 

begins in the Golgi apparatus and involves the coordinate action of several enzymes [96]. The 

process can be divided into 3 main steps: initiation, elongation and modification (Figure 14). 

The first step is the formation of a glucuronic acid-galactose-galactose-xylose 

tetrasaccharide (GlcA-Gal2-Xyl) also known as linkage region (LR) which allows the 

attachment of the polysaccharide chain to the core protein. The xylose residue is attached to a 

serine in the core protein by the action of one of two xylosyltransferases, XYLT1 or XYLT2 

[97, 98]. Then, two galactose residues are added in sequence by the galactosyltransferases 

 

Figure 13. Structures of AT-binding domain and anticoagulant activity of HS.  

HS anticoagulant pathway. Anchored by a proteoglycan core to the vessel wall, HS binds antithrombin (AT) 

via a unique pentasaccharide sequence (diamonds) found on 1 to 10% of the glycosaminoglycan side-chains. 

Key to the high-affinity binding of AT to the pentasaccharide is the 3-O-sulfated glucosamine residue in the 

middle of the pentasaccharide sequence (red diamond). Once bound, AT undergoes a conformational change 

at its reactive center loop that enhances its reactivity with thrombin (IIa), thereby promoting the formation of 

AT/IIa complexes. Adapted from [95]. 
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GalT-1 and GalT-2, respectively. The formation of the linkage region is finally completed by 

the addition of a glucuronic acid unit by the GlcAT-1 transferase. 

The members of the EXT family of glycosyltransferases are responsible for the 

polymerization and elongation of the newly formed polysaccharide which can become either 

HS or CS/DS depending on the addition of the first hexosamine to the non-reducing end of the 

acceptor linkage region by EXTL enzymes (EXT-like). If GlcNAc is added, the polysaccharide 

will follow the HS biosynthetic path, while GalNAc is added for a CS/DS path. Once the first 

hexosamine has been added, the assembly of the HS chains continues by sequential addition of 

GlcA and GlcNAc by the enzymes EXT1 and EXT2 to form a precursor polysaccharide. 

The resultant polymer undergoes a series of sequential modification reactions, including 

N-deacetylation / N-sulfation of glucosamine residues, C-5 epimerization of GlcA to IdoA, 2-

O sulfation of hexuronic acids, and 6-O- and possibly 3-O- sulfation of glucosamines. 

The modification of HS chain is initiated by N-deacetylation/N-sulfation of GlcNAc 

residues by the N-deacetylase/N-sulfotransferase-1 (NDST) enzymes. The NDSTs play a key 

role in the formation of domains with different sulfation/acetylation degree which are 

responsible for different affinity towards ligand proteins [99]. Most modifications of the HS 

chain depend upon the presence of GlcNS residues and are therefore determined by the action 

of NDSTs.  Indeed, proteins may interact with single NS domains rich in O-sulfate groups (e.g., 

growth factors of the fibroblast growth factor [FGF] family) or with two NS-domains separated 

by NA disaccharide residues [100] as shown for the angiogenic growth factor VEGFA165 

[101], interleukin-8 [102] and interferon-γ [103]. Heparin exhibits a much higher degree of 

modification (i.e., epimerization and sulfation) than HS, with NDST2 being the rate limiting 

enzyme in heparin biosynthesis [104].  

 

A single C5-epimerase converts many but not all GlcA units adjacent to GlcNS into IdoA 

[105], therefore  IdoA residues are not present in  NA-domains. Epimerization is followed by 

2-O-sulfation on the majority of the IdoA units by a 2-O-sulfotransferase (2OST). The enzyme 

is also active on GlcA and indeed, rare GlcA2S-GlcNS disaccharide units have been described 

in adult human brain [106] and rat hepatocytes [107].  

Following 2-O-sulfation, HS chains are then O-sulfated at C6 of glucosamine by enzymes 

of the 6-O-sulfotranferases (6OST) family, comprising 3 isoforms that show different 

preference on the target glucosamine but can 6-O-sulfate both GlcNS and GlcNAc residues 

[108]. 

Finally, the last family of enzymes, the 3-O-sulfotranferases (3OSTs), catalyzes the 

relatively rare 3-O-sulfation of glucosamine. Six isoforms and a splice variant have been 

identified in vertebrates that can introduce the GlcN* residue crucial for the formation of the 

antithrombin-binding pentasaccharide motif in heparin/aHS [109] but also in other sequences. 

Indeed, 3-O-sulfation was found in the epitope of HS interacting with Herpes simplex [110]. 
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Combined together, all of these modifications generate 48 different disaccharide units with 

highly heterogeneous pattern of sulfation along HS chains especially due to the hyper variable 

NS domain[111]. The overall pattern of HS modification is not random but, on the contrary, 

quite conserved within a specific cell type or organ, showing that the biosynthesis must be 

strictly regulated [99]. Not unexpectedly, altered levels of HSPGs or altered expression of 

genes coding for HS biosynthetic enzymes have been associated with the development of many 

diseases [112-114], and due to the hundredth of possible HS-protein interactions, research 

interest is growing in the last decades. 

 

Figure 14. HS biosynthesis.  

HS chains are linked by the linkage region to a specific serine residue of a core protein. Addition of the first N-

acetylglucosamine catalyzed by the EXTL enzymes directs toward HS biosynthesis. Elongation of the chains 

is achieved through the alternative addition of glucuronic acid and N-acetylglucosamine by the transferases 

EXT1 and EXT2. During polymerization, chains undergo several modifications including epimerization of 

glucuronic acid and sulfation at different positions. These modifications occur in different clusters and generate 

N-acetylated, N-sulfated and mixed domains differently involved in interactions with ligands. Ser, serine; NS, 

N-sulfate group on glucosamine residues; 2S, 2-O-sulfate group on glucuronic or iduronic acid residues; 3S, 3-

O-sulfate group on glucosamine residues; 6S, 6-O-sulfate group on glucosamine residues. Adapted from [98].  
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3.3. HS post-biosynthetic modification and degradation 

The last modification step in HS biosynthesis occurs on the cell surface by the action of 

SULF1 and SULF2 which catalyze the removal of sulfate groups in 6-O-position of 

glucosamine within highly sulfated regions [115]. Interestingly, SULFs act exclusively on the 

tri-sulfated disaccharides UA(2S) - GlcNS (6S) [116, 117] while no 6-O-desulfation is 

observed on other types of 6-O-sulfated disaccharides. This last step is crucial for the 

modulation of HS interaction with ligand proteins and overexpression/downregulation of 

SULFs is often described in pathologic conditions [117] [118]. 

In order to allow rapid adaptation of the cell to changes in its environment, HSPGs can be 

subjected to limited proteolysis and be released in the medium or they can be rapidly recycled 

(half-life of ~ 3-4 hours) and renewed on the cell surface.  

Conventionally, HS catabolism pathway is a multistep process terminating in lysosomes 

that involves internalization by endocytosis, followed by degradation under the action of 

endoenzymes that will produce HS fragments which depolymerize HS chains into 

oligosaccharides. Exoenzymes are then responsible for depolymerization of large HS 

fragments into monosaccharides and inorganic sulfate to facilitate exit from the lysosome. This 

exo-degradative process requires a multienzyme complex composed of three glycosidases, 

potentially four sulfatases and an acetyl-transferase. Since theses exoenzymes can act only at 

the non-reducing end, the process is done sequentially [119]. 

The only known mammalian endoglycosidase able to cleave HS is heparanase (HPSE) that 

is secreted as a latent 65-kDa enzyme able to bind to HSPGs and the complex is then 

internalized by endocytosis [79]. HPSE uptake is a prerequisite for the delivery to lysosomes 

where it is activated by cathepsin L and cuts HS at a limited number of sites, specifically the 

β-(1,4) glycosidic linkage between GlcA and GlcNS, producing fragments that are 10–20 

saccharide units in length and still able to interact with protein ligands [120, 121]. 

Although numerous studies have accumulated regarding HS turnover especially in the last 

years, there is still debate on certain aspects which remain unclear. For example, the exact 

location and moment of activation of HPSE, whether in late endosomes or lysosomes, is still 

not precisely defined, together with the mechanism of HSPGs trafficking. 

 

3.4. HSPGs in physiology 

 

 The network of interactions of HS, called “HS-interactome”, seems endless and the whole 

complexity of this interactome has yet to be revealed. In table 2 a non-exhaustive list of the 

main examples of HS binding proteins is reported.  
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HSPGs can interact with proteins through various mechanisms (for reviews, 

see [123] [124]) and while binding is generally mediated by HS chains, some factors such as 

Hedgehog [125] have been shown to directly interact with core proteins [126]. Some 

interactions require specific structural motifs along the HS chains [127], while others are non-

selective in terms of motifs but require a certain type of sulfation or a certain negative charge 

density.  It is the case of FGF2 in which 2-O-sulfation is essential for binding [128]. 

Cell membrane HSPGs act as co-receptors for various tyrosine kinase-type GF receptors, 

lowering their activation threshold or changing the duration of signaling reactions (Figure 15). 

They also regulate receptor trafficking to and from plasma membrane and control secretion of 

ligands at the cell surface. HSPGs are present in basement membranes (perlecan, agrin, and 

collagen XVIII), where they collaborate with other matrix components to define basement 

membrane structure and to provide a matrix for cell migration [82]. 

 HS protects FGFs from denaturation and proteolytic degradation and increases FGF 

affinity for their receptors facilitating and stabilizing the formation of properly oriented FGF 

oligomers [129]. Similarly, HS localizes other GFs at the cell surface or in the ECM and 

promotes their biological activities, such as vascular endothelial growth factors (VEGFs), 

 

Table 2. Heparan sulfate binding proteins.  

Here a list of major GFs and cytokines that bind to HS chain according to core protein. 

Abbreviations: BMP: bone morphogenetic protein, CXCL12: chemokine C-X-C motif ligand, FGF: fibroblast 

growth factor, GDF: growth and differentiation factor, HBEGF: heparin-binding epidermal growth factor, 

HGF: hepatocyte growth factor, Hh: Hedgehog, HS: heparan sulfate, TGF: transforming growth factor, IGF: 

insulin growth factor, IL: interleukin, MCP: monocyte chemoattractant protein, PDGF: platelet derived growth 

factor, PF: platelet factor, PIGF: placental growth factor, SDF: stroma cell-derived factor, TNF: tumor necrosis 

factor, VEGF: vascular endothelial growth factor. Table from [122]. 
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hepatocyte growth factors (HGFs), transforming growth factor-β1 (TGF-β1); platelet derived 

growth factors (PDGFs). 

HS was also observed to promote the activity of different chemokines, such as interleukin 

8 (IL-8), platelet-derived factor 4 (PF4) and stromal cell derived factor-1α (SDF-1α or 

CXCL12), by sequestering these molecules at the cell surface, thereby increasing their effective 

concentration in the vicinity of their receptor sites. The interaction is mediated by quite 

extensive GAG sequences (12-20 saccharide moieties), as a result of chemokine 

oligomerization. Conversely, soluble GAGs can complex with chemokines in solution and 

prevent their binding with receptors, inhibiting their activities [130].  

L-, E- and P-selectins are a family of transmembrane glycoproteins found on leukocyte 

endothelium and platelets. L-selectin binds highly sulfated, particularly O-sulfated, HS chains 

enriched in glucosamine residues whose amino groups are unsubstituted, whereas the presence 

of IdoA residues seems to inhibit this interaction [131]. 

HSPGs are used by many viruses as receptors to bind to and gain access into target cells, 

for example HIV-1, herpes simplex virus (HSV), and dengue virus. Plasmodium falciparum, 

the parasite causing malaria, bears at its surface circumsporozite protein that shows the ability 

to interact with liver cell HS proteoglycans, promoting pathogen attachment and subsequent 

cell invasion [132] 

Recent unpublished data (pre-print version) suggest an interaction between the SARS-

CoV- 2 Spike S1 protein receptor binding domain (SARS-CoV-2 S1 RBD) and heparin (which 

is often used instead of HSPG in laboratory experiments due to high availability). This has 

implications for the rapid development of a first-line therapeutic by repurposing heparin and 

for next-generation, tailor-made, GAG-based antivirals (doi: 

https://doi.org/10.1101/2020.02.29.971093). 

HSPGs are also found in secretory vesicles, most notably serglycin, which plays a role in 

packaging granular contents and regulate various biological activities after secretion such as 

host defense, and wound repair [82]. 
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4. HS AND CANCER 

As mentioned previously, HSPGs modulate fundamental biological processes including 

inflammation, angiogenesis, cell migration, cell proliferation, cell adhesion, endocytosis, 

cellular matrix assembly and many more [120]. These processes are essential for tumor 

initiation and progression and alteration of the normal expression levels of HSPGs has often 

been described in tumors. The fast turnover of HS could be a strategy used by cells to have a 

rapid control over signaling not only in physiologic but also in pathologic conditions [134]. 

Cancer cells uniquely reprogram their cellular activities to support their rapid proliferation 

and migration and to counteract metabolic stress by increasing the levels of several glycolytic 

enzymes during cancer progression [135, 136]. One of the most studied, yet still not completely 

understood mechanisms involves remodeling of the ECM by HPSE. 

HPSE is overexpressed in many tumors and the active form of the enzyme is released 

extracellularly (Figure 16) [137-139] where it cuts HS chains promoting the release of 

numerous bioactive molecules that were sequestered on HSPGs. Consequently, induced 

 

 

Figure 15. Functions of cell surface and ECM heparan sulfate proteoglycans.  

HSPGs regulate signaling pathways in many different ways, both at the intracellular level and in the 

extracellular matrix (ECM).  HSPGs have been shown to mediate signal transduction by acting as receptors or 

co-receptors; they regulate receptor trafficking to and from the plasma membrane and control the secretion of 

ligands [133]. HSPGs are present in basement membranes (perlecan, agrin, and collagen XVIII), where they 

collaborate with other matrix components to define basement membrane structure and to provide a matrix for 

cell migration [82]. They can also mediate signal to other cells by presenting ligands to their receptors, or by 

controlling the distribution of signaling gradients. Sequestration and release of GFs, chemokines, cytokines and 

morphogens can be achieved by selective degradation of the HS chains. Membrane proteoglycans cooperate 

with integrins and other cell adhesion receptors to facilitate cell-ECM attachment, cell–cell interactions, and 

cell motility. HSPGs are also found in secretory vesicles, most notably serglycin, which plays a role in 

packaging granular contents and regulate various biological activities after secretion such as host defense, and 

wound repair [82]. 
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peripheral angiogenesis activation and disruption of ECM and basement membrane 

homeostasis facilitate invasion [140]. Furthermore, elevated HPSE expression in myeloma 

cells stimulates sustained ERK phosphorylation that in turn drives matrix metalloproteinase 9 

(MMP-9) expression [141] [142]. MMP-9 and other MMPs are thought to mediate Sdc-1 

shedding increasing soluble HSPGs in the tumor micro-environment [2]. Indeed, experiments 

in HPSE-KO and -overexpressing mice showed co-regulation between HPSE and MMPs [143]. 

This strategy adopted by tumor cells ensures rapid tissue response as a fast-acting 

mechanism independent from de novo protein synthesis that meets their needs to promote 

tumor growth, angiogenesis, peripheral immune tolerance and formation of a metastatic niche 

[134]. Briefly, tumor cells can change the nature of the microenvironment and vice versa the 

microenvironment can affect how a tumor grows and spreads [134]. 

 

Figure 16.  Schematic model of HPSE trafficking.  

 (1) In the Golgi apparatus HS chains are polymerized and preHPSE is processed to produce proHPSE by the 

elimination of the N-terminal signal peptide. (2) The newly biosynthesized HSPGs are then shifted to the cell 

membrane where they can interact with the proHPSE and the complex is rapidly internalized by endocytosis 

and then (4) accumulated in the late endosome. (5) Upon fusion of the late endosome with lysosome, proHPSE 

is activated and cleaves HS chains that are completely degraded by lysosomal hydrolases. (6) HPSE and HSPGs 

can be recycled to the cell surface from endosomes. It appears that active HPSE pursues other paths in the cells. 

(7) Trimming of HS from Sdcs by active HPSE present in late endosomes leads to formation of the Sdc-

syntenin-ALIX complex [50]. Intraluminal vesicles (ILV) are then formed by the invagination of endosomal 

membranes, resulting in the formation of multivesicular bodies (MVBs). MVBs release ILVs as exosomes upon 

fusion with the cell membrane and deliver their cargo to recipient cells. In the presence of high levels of HPSE, 

the enzyme can be found on the surface of exosomes and modulates TME. (8) Lysosomal exocytosis has been 

observed in malignant cells. (9) HPSE also regulates autophagy by driving fusion of lysosomes with 

autophagosomes which degrade macromolecules into monomeric units. (10) Perinuclear lysosomal HPSE can 

also translocate into the nucleus and regulate gene transcription and cell differentiation. Taken from [134]. 
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Given the extent of the biological processes involving HS, it would be impossible to draw 

up an exhaustive list of their functions in cancer. However, a number of examples will be 

reported with a focus on the three main tumorigenic processes: proliferation, angiogenesis and 

invasion. It should be noted that some GFs (e.g. FGF2) are upstream a variety of different 

cellular responses in that a clear distinction between their role in the three processes may be 

difficult. 

4.1. HS in cancer cell proliferation 

The binding interactions between HS and mitogenic GFs make HS an important player in 

proliferation. As summarized in figure 17, HSPGs bind both FGF2 and FGF receptors (FGFR1) 

forming a ternary complex to enhance downstream signaling via Janus kinase/ signal 

transducers and activators of transcription (JAK/STAT), phosphoinositide 3-kinase/ protein 

kinase B (PI3K/AKT), mitogen-activated protein kinases (MAPK), Ras homology (RhoA), or 

diacylglycerol/protein kinase C/calcium (DAG/PKC/Ca2+) [122]. 

A strategy that tumor cells adopt to increase proliferation is the upregulation of the normal 

expression levels of HSPGs [144]. For example, increasing expression level of glypican-1 and 

syndecan-2 (Sdc-2) was detected in colorectal cancer [145], while breast cancer was found to 

upregulate glypican-1 and Sdc-1 and 4 [146, 147]. 

HSPGs cleaved from the stromal cell surface and released in soluble form- for example, 

following the action of HPSE- can bind adjacent growth factors (FGFs) and increase 

extracellular signal-regulated kinase (ERK 1/2) phosphorylation, translocation to the nucleus 

and activation of transcription factors in breast cancer [148]. Soluble HSPGs and heparin 

promote differentiation and decrease proliferation through FGFR1 and ERK phosphorylation 

[149].  

Moreover, HPSE can be found in the nuclear compartment where it would augment cell 

proliferation via its modulation of DNA topoisomerase I activity, an enzyme essential for DNA 

replication and gene transcription.  
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4.2.  HS in tumor angiogenesis 

In addition to HS implication on tumor initiation and proliferation, HS is also involved in 

ECM modifications priming the tumor micro-environment [2] for tumor spread and blood 

supply. Thus, as the tumor evolves, the stroma undergoes tissue remodeling under the action 

of enzymes able to modify the glycosidic chains of the ECM, i.e., glycosyltransferases, 

sulfotransferases, sulfatases, and HPSE [150]. 

HS also binds GFs with demonstrated roles in angiogenesis, including VEGF, FGF2, HGF 

(produced by stromal cells and tumor cells), PDGF-B (primarily produced by endothelial cells), 

TGF-b (often produced by tumor cells), TSP1, PF4 and endostatin [151-153]. Given that this 

section is only an overview of the implication of HS on the mechanism of angiogenesis, all the 

factors will not be listed below and I suggest the following review for further information [153]. 

The most abundant and best characterized isoforms of VEGF are VEGF121, VEGF165 and 

VEGF189 [154]. VEGF165, the predominant isoform, is the best studied in relation to 

heparin/HS binding [153] and its binding to endothelial cells is virtually completely dependent 

on HS. Indeed, digestion of HS with heparinases, that are bacterial HS-degrading enzymes, 

completely eliminates binding [155]. 

Binding of VEGF165, normally present as a homodimer, depends on both the domain 

organization of HS and specific sulfation. In fact, VEGF165 binding depends on all charged 

groups (carboxylate groups, N-, 2O- and 6O-sulfation), but N-sulfation and in particular 6O-

sulfation are of most importance. Moreover, it has been suggested that a VEGF165 dimer 

 

Figure 17.  Schematic model of HS pathways in cancer proliferation.  

HS cleaved from the stromal cell surface and released in soluble form can bind ligands including FGF via 2-

O-sulfate on glucuronic acid and N-sulfate on glucosamine; and receptors including FGFR1  via 6-O-sulfate 

on glucosamine to enhance cancer cell signaling JAK/STAT, PI3K/AKT, MAPK, RhoA, or DAG/PKC/Ca2+; 

all converging into cellular activation and proliferation. Adapted from [122]. 
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interacts simultaneously with two NS domains of the HS chain, which can be separated by a 

NA/NS domain [101] (Figure 18).  

VEGFR2 is known to directly interact with heparin/HS, suggesting ternary complex 

formation between VEGF165, VEGFR2 and HS (Figure 18) [156], although one more 

component, neuropilin-1, is known to bind to VEGF165 and heparin, and could form a 4-

component complex together with VEGFR2 [157]. 

Bioavailability of soluble VEGF is an important factor. For example, desulfation of HS by 

extracellular SULFs results in decreased interaction between HS and VEGF and consequent 

increase of bioavailable ligand. Indeed, SULFs are overexpressed in many tumors [158, 159]. 

On the contrary, aHS and heparin are known to suppress platelet activation through the AT 

domain activation which results in decreased release of VEGF [160]. Alteration of aHS 

distribution is therefore also involved in tumoral angiogenesis. 

Other angiogenic factors have been described to be modulated by HS. FGF2 is a pleiotropic 

GF also implicated in angiogenesis [153]. We have seen previously that HS catalyzes the 

FGF2–FGFR1 interaction, but in the presence of high concentrations of released FGF2, 

dimerization and signaling can take place in the absence of cellular HS that is altered in tumors 

with high HPSE level [161]. Furthermore, it has been shown that perlecan at the surface of 

tumor cells and secreted into the ECM can bind ligand and adaptor proteins via its three HS 

chains located  at the N-terminal and one C-terminal to enhance FGF signaling and tumor 

angiogenesis [162]. 

 

Figure 18.  Schematic model of HS pathways in cancer angiogenesis.  

HS interacts with both pro-angiogenic factors such as FGF2 and VEGF 165. HS binds to VEGF 165 dimer 

through two NS domains leading to signal activation. Elevated extracellular SULFs reduce HS sulfation and 

increases soluble VEGF ligands in the TME that will interact with adjacent receptors. aHS mediated platelet 

activation  also increases available VEGF. 
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4.3. HS in cancer invasion 

Aggressive tumor cell invasion requires the disruption of the invaded tissue through the 

breakdown of its basement membranes and ECM, namely, tissue remodeling. Upregulation of 

HPSE occurs in essentially all human tumors and is closely correlated with an invasive 

phenotype in experimental models and has been linked to worse outcomes in cancer patients 

[163]. Together HPSE, SULFs and MMPs activities disrupt the integrity of ECM by 

destructuring HS chains and their protein core thus increasing permeability for cell invasion 

and increasing soluble tumorigenic agents [164]. Thus, accumulating evidence indicates HPSE 

as a putative target for anticancer drug development. Indeed, HPSE silencing was shown to 

inhibit proliferation and invasion of ovarian cancer cells [165] while HPSE-neutralizing 

monoclonal antibodies block myeloma and lymphoma tumor growth [166]. 

Through GF binding, HSPGs also influence cell polarity, changes in morphology, namely 

cancer cell differentiation, during cancer progression. In this regard, the role of HS in regulating 

epithelial-to-mesenchymal transition (EMT) is noteworthy (Figure 19). Earlier in the 

introduction we have seen that EMT defines an indispensable process in metastatic progression 

in which epithelial cells lose cell-cell junctions and adhesions, undergo rearrangement of the 

cytoskeleton, and manifest a migratory phenotype. EMT has been implicated in the conversion 

of early-stage tumors to invasive malignancy, and its characteristic features include loss of E-

cadherin expression, the translocation of β-catenin, and an increase in vimentin and Snail 

expression. EMT is triggered by the alterations in the components of ECM including HSPGs. 

For example, it has been shown in leukemia cells that 3-O sulfotransferase 3A is significantly 

downregulated and HS expression on cell-surface was also reduced in an EMT model [167]. 

Prostate cancer cells overexpressing SULF2 present increased EMT markers and Wnt signaling 

[168]. 

It is known that HS chains on Sdcs can bind matrix proteins to promote adhesion, 

maintenance of cell polarity and reduced cell invasiveness [169]. For example, Sdc-1 is 

implicated in the regulation of skin homeostasis and it is lost in squamous malignancies [170, 

171]. Decreased expression or loss of Sdc-1 is also reported in colon, lung, liver, ovarian, 

cervical, head and neck cancers, as well as mesothelioma and myeloma where it disrupts HS 

signaling and promotes disease progression. This is not surprising given that HS binds GFs 

implicated in EMT, including HGF, VEGF and TGF-β [172].  

Surface and soluble Sdc-1 have opposing actions on EMT signaling. It has been shown that 

Sdc-1 expression shifts from the tumor to the stroma during breast, lung, colon, and bladder 

cancer progression [173]. Both HSPGs, HPSE and SULFs can be upregulated during EMT, 

leading to enhanced HSPGs in the ECM that serve as a depot for EMT-promoting GFs [173]. 
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Sdc-1 mediates HGF binding to its receptor MET that undergoes autophosphorylation and 

activation, resulting in the recruitment of various intracellular signaling proteins. For example, 

HGF-MET signaling leads to cell survival through PI3K-AKT while results in cellular 

migration through focal adhesion kinase. Moreover, MET activation also stimulates guanine 

nucleotide exchange factor Son of Sevenless via binding with SHC and GRB2, leading to the 

activation of RAS-RAF-MEK-ERK pathway, resulting in cell proliferation, cell motility and 

cell cycle progression. Finally, STAT-mediated MET signaling also results in the 

transformation and tubulogenesis [174]. 

Activation of HGF induced by Sdc-1was reported to enhance CD44 variant 6 expression 

that displays an additional sulfation site that could further promote GF signaling suggesting 

that HS modifications could be responsible for CD44 effects on cancer progression [175, 176]. 

However, contradictory CD44 involvement in progression and simultaneous loss of expression 

in certain cancer types- including endometrial and squamous cell cancers, was reported and 

illustrate the complex roles of this HSPG in tumor metastasis, many functions of which remains 

undefined. Nevertheless, all these studies are of high significance as they underline two major 

 

Figure 19.  Schematic model of HS pathways in cancer invasion.  

Sdc-1 is expressed on well differentiated cells, modulating GFs signaling. In normal conditions, intact ECM 

acts as a barrier to limit tissue remodeling. Upon HPSE, MMPs and SULFs upregulation- and shift to the ECM, 

basement membrane and ECM are degraded, increasing permeability to cells. As the tumor evolves, the stroma 

undergoes tissue remodeling: Sdc-1 is suppressed and available ligands modulate cell signaling by activating 

Met receptor and downstream RAS-RAF-MEK-ERK and STAT pathways. Consequent cellular proliferation, 

migration and transformation initiate the invasion process which is indeed the result of a complementary action 

of the tumor cell on TME and vice-versa.  
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points: first, the differentiation state of the cancer cells predicts survival; second, HS and 

HSPGs are among the key regulators of cancer differentiation states.  

Tumor cell proliferation, tissue remodeling and angiogenesis thus constitute privileged 

targets to develop new diagnostic and therapeutic tools, in particular in EC. 

5. AIM OF THE STUDY 

So far, endometrial cancer (EC) is the 4th most common cancer in women in Switzerland with 

+ 900 new cases/year and about +50 women/year in Geneva (data from HUG). To this date, 

the lack of early diagnosis of the invasive form of this disease results in recurrence in some 

patients. Due to the pleiotropic effect of aHS in many biological and pathological processes 

including early tumor initiation and metastatization, we thought that it would be interesting to 

explore HS in early grade EC.  

We hypothesize that aHS expression is governed by tight physiological regulation to provide 

stability to mature, differentiated tissues and that its modifications allows limited physiological 

tissue   remodeling. Cancer cells acquire the ability to bypass physiological checkpoints and 

invade tissues. We postulate that one of these checkpoints could be aHSPG expression and that 

suppression of aHSPG could render target tissues permissive to tumor invasion and tumor 

angiogenesis. 

 

 

Figure 20.  The 3 main objectives of this PhD thesis. 
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5.1. Evaluation of aHS expression as potential diagnosis and prognosis tool 

The first aim of my PhD was to investigate if alteration of aHS expression could be a valuable 

signature of high-risk patients and a diagnostic tool to identify invasive form of EC at an early 

stage. To do so, we analyzed the presence of aHS in a series of histological sections from 

patients with EC Grade 1 with variable invasive characteristics to see if a particular pattern of 

expression could be attributed to invasiveness of the cancer. 

The analysis was done into two different scenarios. We first analyzed aHS during physiological 

tissue remodeling- occurring during the estrus cycle, vs pathological tissue remodeling- in 

cancer. In parallel we evaluated aHS on both glandular and stromal compartments: separately, 

to investigate invasion and angiogenesis processes; together, to highlight the tumor-TME 

crosstalk. This analysis will permit to answer to these questions: 

• Is aHS expression associated with pathological tissue remodeling in EC? 

• Is aHS expression in tumor glands proportional to the degree of invasion in EC? 

• Is aHS expression in capillaries of TME associated to angiogenesis in EC? 

We then assessed if aHS suppression could be attributed to post-synthetic modifications by 

analyzing both HPSE and SULFs expression. Finally, the prognostic prediction from this 

cumulative analysis was confirmed with the clinical follow-up of the patients. 

5.2. Evaluation of treatment with HS mimetics as potential therapeutic tool. 

Today, cancer research focuses on inhibition of the main tumorigenic process that 

contributes to the initiation, growth, survival and spread of the tumor. In the first analysis on 

histological samples we observed that HS degradation was associated with invasive and pro- 

angiogenic features of EC. Thus, the second aim of my PhD was to target in vitro HS-degrading 

activity of HPSE to restore normal biological activities of tumor cells. In other words, if we 

manage to preserve endogenous aHS from degradation, could we reduce tumoral invasion and 

tumor-induced angiogenesis? 

In this second part, I analyzed the anti-proliferative, anti-migratory, anti-invasive and anti-

angiogenic effects of heparin and synthetic HS mimetics designed to compete with endogenous 

HS and inhibit HPSE activity. This analysis was performed in collaboration with IFREMER 

and Ronzoni Institute that provided us a panel of different HS mimetics with variable sulfation 

profile and structural modification in order to evaluate the best profile for anti-tumorigenic 

activity. Some of these HS mimetics are currently on clinical trials for other types of cancer 

and some are in patent proposal and could hereby be proposed as potential cancer treatment 

also for EC. 

The purpose of this analysis was also to confirm the statement in the first analysis in which 

aHS reduction implicated in EC invasion and angiogenesis is mediated through post-synthetic 

modification of HS chains by HPSE. 
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5.3. Understanding the biosynthetic pathways implicated in aHS 

downregulation in invasive tumors. 

The last aim of my PhD was to better characterize at mRNA level what makes the most 

invasive patients different from patients that will have a better prognosis and a milder invasion 

pattern. This analysis will highlight if a particular biosynthetic pathway is activated upon 

HS/HPSE/SULFs mediation and if other enzymatic modifications during biosynthesis of aHS 

of post synthetic cleavage of core proteins is responsible of aHS reduction in invasive tumor 

cases. We also aim at understanding how tumor signals reach over a thousand μm in distance 

to induce distant capillary proliferation on TME. 

As well as for the first aim, we acted on two fronts. We first analyzed tumor compartments 

and TME independently and together case per case to highlight tumor-TME ligand/receptor 

crosstalk. 

Finally, this analysis aimed to highlight differences between IG, BF and MELF patterns to 

characterize more this type of cancer. 
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Extensive Downregulation of AHS in 

Invasive forms of Endometrioid 

Carcinoma Grade 1  
1. SUMMARY 

Endometrioid adenocarcinoma is the most frequent gynecologic cancer with a 5-year 

survival rate stagnant since 30 years despite active research. This cancer is characterized by 5 

histological patterns of myometrial invasion: IG, BF, MELF, AL and AM, all categorized into 

grade 1. Patients with low grade EC have an overall good survival rate; however, 2.5 to 10% 

will demonstrate a more aggressive form of the tumor and will relapse. To this date, the 

diagnosis is not sufficient to early identify the patients with higher risks within Grade 1. In 

human uterus, aHS is present in vessel walls and the glandular epithelium but disappears during 

the implantation window allowing physiological tissue remodeling and leading to a permissive 

endometrium. We thus hypothesize that the tumor could use the same strategy to induce 

pathological tissue remodeling required for its propagation including invasion and 

angiogenesis. This assumption is supported by the fact that, in most cancers, aHS catabolic 

enzyme HPSE is elevated and shifted to an extracellular form modulating ECM HS and factor 

signaling. In this paper, we set out to evaluate the potential of aHS as early stage biomarker to 

identify aggressive endometrioid carcinoma. aHS and HPSE expression were analysed on 102 

grade 1 endometrioid carcinoma cases tissue sections. Microvessel density and proliferation 

index were evaluated respectively with CD-31 and dual immunohistochemical staining of 

Nestin and Ki-67. Tumour glands were shown to strongly increase by 110.1% HPSE expression 

and reduce aHS by 45.5%. This downregulation interestingly correlates with more invasive 

histological phenotypes, IG and MELF. Capillaries at tumour front were also negative for aHS. 

In invasive tumor fronts of MELF, capillary proliferation was increased up to 11.1%, compared 

to 1.9% in control cases. The vessel density also increased by 8.33% suggesting a tumour-

induced angiogenesis. Here we demonstrated that aHS down regulation correlates with vessels 

proliferation and glandular invasiveness. IG and MELF patterns have distinct molecular 

characteristics supporting more aggressive features. Combination of histological and aHS 

evaluations could be useful to re-evaluate patients with potential worse prognosis. 

 

2. INTRODUCTION 

Endometrial adenocarcinoma is mostly a disease of postmenopausal women with a sharp 

rise in incidence during the last decade, attributable to increased rates of obesity which may 

lead to a rise in the proportion of premenopausal cases [177, 178]. Type 1 adenocarcinoma 

develops through an estrogen-driven “adenoma carcinoma” pathway from atypical endometrial 

hyperplasia/endometrioid intraepithelial neoplasia and leads in some cases to the development 

of invasive adenocarcinoma [179]. The majority of low-stage Grade 1 endometrial 
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adenocarcinoma have a favorable prognosis [180]. However, a minority will demonstrate a 

more aggressive clinical course despite combined treatments of chemotherapy and total 

hysterectomy [67]. At the moment, there is no effective screening test for early detection to 

distinguish which patients are going to evolve into a metastatic disease  [181].  

Aggressive tumor cell invasion requires the disruption of the invaded tissue through the 

breakdown of its basement membranes and ECM, namely tissue remodeling of stroma, under 

the action of enzymes that modify the glycosidic chains of the ECM [139, 182]. In addition, 

tumor cells promote angiogenesis, a process crucial to tumor development and metastasization 

[183]. Tissue remodelling and angiogenesis constitute privileged targets to develop new 

diagnostic and therapeutic tools, particularly in EC. 

As already explained in the introduction, Heparan sulfate proteoglycans (HSPG) are 

ubiquitously distributed on the surface of animal cells and in the ECM [184]. HS has thus 

numerous important biological activities including inflammation, tissue remodeling, 

angiogenesis and cell migration through interaction with a vast array of HS- binding proteins 

[185]. Anticoagulant HS (aHS) is a subset of HS chains that specifically binds and activates 

the serine protease inhibitor AT-III [186], containing a 3-O-sulfated glucosamine within a 

pentasaccharide motif that constitutes the AT binding site in both heparin and aHS. aHS is 

present in the basement membranes of endothelial cells where it is thought to confer an 

antithrombotic tone to vascular walls [187, 188]. However, aHS has also been found in various 

compartments of the genital tract with variable intensity during the cycle. It has been found 

that aHS in ovarian granulosa cells is at its maximum shortly before ovulation then it is 

downregulated at the onset of follicular development to reappear in luteal cells and in capillary 

endothelial cells of the mature corpus luteum [187, 189].  

Modulation of extracellular aHS can occur by modification of its biosynthesis or by 

selective enzymatic inactivation. At the biosynthetic level, HS-3-O-sulfotransferases (3-OSTs) 

are the key enzymes responsible for 3-O-sulfation of HS and 3-OST-1 catalyses the rate- 

limiting step in the synthesis of aHS [190]. Alternatively, post-synthetic alteration of HS in the 

extracellular environment is catalyzed by two sets of enzymes, heparanase (HPSE)  and 

sulfatases [191].. In cancer, HPSE level is increased, especially  the extracellular form, thus 

modulating several cancer-related functions, including GF signaling and ECM remodeling 

[139]. The activity of HPSE has a triple effect: it destabilizes matrix cohesion and thus 

facilitates cell migration, invasion and the formation of new blood vessels; it releases cytokines 

and GFs (VEGF, FGFs, etc.) associated with the matrix, which will then induce numerous 

biological processes such as cell proliferation and neovascularization [3]; it catalyzes the 

release of fragments of HS having a structure of the NS domain type, biologically active, 

capable of promoting the activity of these GFs[192, 193]. 

We postulate that aHS downregulation through HPSE’s degradation facilitates tissue 

remodeling and invasion in EC. The aim of this study is to evaluate if downregulation of aHS 

expression could be a valuable biomarker to identify aggressive endometrioid carcinoma at 

early stage, in order to diagnose patients with high risk of recurrence and death. 



49 
 

 

We have evaluated how aHS and HPSE contribute to the invasiveness of endometrial 

adenocarcinoma of grade 1 in a group of 102 cases subdivided in 4 histotypes. We have first 

determined the physiological aHS and HPSE expression pattern in the normal uterus in groups 

of 20 cases at each stage of the oestrus cycle. We made a full characterization of aHS and HPSE 

in endometrial glands and in blood and lymphatic vessels of the endometrium. Using the 

normal pattern as reference, we have then characterized aHS and HPSE expression in the total 

group of endometrioid carcinoma grade 1, showing markedly different patterns for both aHS 

and HPSE in the tumor and in its microenvironment in the myometrium. This study is 

supported by a deep analysis of endometrial vascular density and proliferation during oestrus 

cycle and cancer.  Classification of the cases according to their histotypes allowed to 

distinguish cases with maximum differences in aHS in the TME in the two histotypes described 

as most invasive. Identification of such cases could allow offering additional treatment and 

surveillance. The data obtained in this study will enable us to evaluate the prognostic potential 

of aHS as modulator of tumor cell invasion and angiogenesis at the endometrium-myometrium 

interface. 

3. RESULTS 

The data obtained for the groups with normal uterus constitute the reference values for the 

parameters measured in the cancer groups, they are presented first and show the effects of the 

estrous cycle on uterine aHS and HPSE in endometrial glands and in endometrial stromal 

vessels. 

The tumor cases have been analyzed for aHS and HPSE in the tumor glands and in the 

adjacent myometrium, constituting the TME [2]. The microvessel density (MVD) and 

proliferation (MVP) were recorded in the TME and the aHS signal in microvessels evaluated 

in the different tumor histotypes. The results are presented in parallel for the normal uterus and 

for the uterus with endometrioid adenocarcinoma Grade 1. 

1. Characterization of aHS and HPSE in the glandular endometrial epithelium 

during physiological and pathological tissue remodeling. 

1.1.  aHS and HPSE expression in normal glands of the cycling endometrium. 

The normal uterus is formed by the endometrium and the myometrium. The endometrium 

is composed of endometrial epithelial glands and of vascularized stroma with an upper layer 

close to the lumen of the uterus constituting the functional zone while the lower layer, in contact 

with the myometrium is called the basal zone. The functional zone of the endometrium is 

renewed at each estrous cycle and matures to be ready to support embryo implantation and 

development, while the basal zone constitutes the feeder layer that contains dividing cells that 

will produce the functional layer at each cycle. The myometrium is formed of smooth muscle 

cells with an abundant vasculature of blood and lymphatic capillaries, the section adjacent to 

the endometrium is called the superficial myometrium and the lower part the basal myometrium 

that contains large arteries. The different zones analyzed during the cycling endometrium are 

represented in the Figure 21A. 
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In endometrium, aHS and HPSE are present in the basal membrane and the luminal part of 

glands, respectively with variable intensity during the cycle. aHS is present during the 

proliferative phase at high intensity but shortly after the LH peak, in secretory phase, aHS is 

downregulated in epithelial cells of the functional zone of the endometrium (Figure 21 B). 

Indeed, functional glands have an average intensity for aHS of 298.6 (±6.5), 253.3 (±54.2) and 

166.3 (±58.1) in proliferative cases (n=21), early secretory cases (n=15) and secretory cases 

(n=20), respectively (Figure 21C). The distribution of intensity labelling was also analyzed in 

functional glands of each estrus phase (Figure 21D). Our results show that 100% of 

proliferative cases (n=21) displayed high aHS intensity labelling (score 200≤300). This 

percentage decreases to 60% in early secretory cases and reaches only 10% in secretory cases 

where we observe a majority of medium intensity labelling for aHS (67% of 100≤200 score). 

These result suggest that, immediately after LH release, glands of the functional layer of the 

endometrium repress aHS while the endometrium undergo physiological tissue remodeling 

leading to the implantation window, a receptive time frame. Changes in aHS expression occur 

immediately after LH release, upstream of the receptive phase and therefore suggest a causal 

link with tissue receptiveness and tissue remodeling. 

However, our results show that all basal endometrial glands at the myometrium interface 

are positive to aHS and display permanent high intensity of labelling when there is no 

physiological tissue remodeling (Figure 21B, C). Furthermore, 100% of all physiological cases 

display high aHS intensity labelling (score 200≤300) without distinction of the estrus phase 

(Figure 21 D). The basal layer of the endometrium is known to display stable phenotype across 

the cycle suggesting very few or no response to fluctuating hormones. 

On the other hand, the signal intensity of HPSE is higher in the proliferative endometrium 

and lower in secretory phase of the functional endometrium (Figure 21B). Indeed, functional 

glands have an average intensity for HPSE of 208.3 (±73.9), 112.0 (±41.6) and 120.0 (±87.9) 

in proliferative cases (n=21), early secretory cases (n=15) and secretory cases (n=20), 

respectively (Figure 21C).  In addition, the analysis of HPSE intensity distribution in functional 

glands revealed a majority of week intensity within the total physiological cases (n=56). HPSE 

expression exhibits a marked decrease from proliferative to secretory phase, quickly after LH 

release with low signal (0<100) representing 14% in proliferative phase, 73% in early secretory 

phase and 60% in secretory phase (Figure 21D).  

In the basal layer however, glands exhibit a majority of week HPSE intensity labelling 

(Figure 21D) without significant modification during the cycle (Figure 21C) confirming the 

stable nature of the tissue. 
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Figure 21. aHS and HPSE expression analysis in glands during estrus cycle. 

a: Schematic representation of the different layers of the endometrium during the estrus cycle with 1,2,3 

representing the functional zone; 4,5,6 representing basal zone and 7,8,9 representing the superficial 

myometrium of proliferative, early secretory and secretory respectively.  b: Images showing the labeling for 

aHS expression (top) and the immunostaining  for HPSE expression ((bottom) in the functional and basal layers 

of  human endometrium during the three phases of the cycle. c: Quantification of aHS and HPSE intensity 

labeling. aHS and HPSE both decrease in the endometrial glands of the functional zone during the estrous 

cycle. In the basal zone of the endometrium, aHS is elevated and HPSE is low and they remain stable during 

the cycle *, p-value≤0.05; ***, p-value≤0.001; ****, p-value≤0.0001. d: aHS and HPSE intensity distribution 

analysis. 
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1.1. aHS and HPSE expression in tumor glands of endometrioid adenocarcinoma 

Grade 1. 

In endometrioid adenocarcinoma grade 1, tumor glands constitute most of the tumor, with 

little stroma in between. They invade the adjacent myometrium that forms, the TME. aHS 

labelling analysis was restricted to the tumor glands at the invasive tumor front and was 

compared to the respective region of the basal layer in physiological cases. Our results show a 

highly significant decrease of aHS intensity in cancer compared to controls (Figure 22 A, B). 

We measured an average intensity of 159.7 (±92.6) in cancer cases (n=72) compared to 293.2 

(±20.6) in physiological cases (n=56) (Figure 22B). There is an average decrease of 45.5 % 

aHS labelling intensity in tumor glands compared to controls. Only 28.5% of endometrioid 

adenocarcinoma cases (n=72) displayed high aHS labelling intensity in the glands (score 

200≤300) to the benefit of other classes: 100≤200 (29.1%) and 0≤100 (42.4%) (Figure 22C). 

The intensity of aHS is lower with a majority of weak intensity reflecting a decline in 

expression within tumor cases. During pathological tissue remodeling occurring at the tumor 

front aHS is repressed and could be thus implicated in tissue permissiveness to tumor gland 

invasion. 

 
Figure 22. aHS and HPSE expression analysis in glands of EC grade 1. 

A: Images showing the labeling for aHS expression (left) with AT-b and the immunostaining for HPSE 

expression (right) of non-cancerous glands (N) and tumor glands (T) in human endometrium sections. B: 

Quantification of aHS and HPSE intensity labelling in physiological (n=56) and cancer cases (n=100). In 

endometrioid cancer, the tumor glands have decreased aHS and increased HPSE labelling, a pattern distinct 

from that of normal endometrium.  ****, p-value≤0.0001. C: aHS and HPSE intensity distribution analysis in 

physiological and cancer cases.  
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In contrast to aHS, HPSE increased significantly in cancer glands by 110.1% compared to 

normal glands (Figure 22A, B). We measured an average intensity of 214.1 (±83.8) in total 

cancer cases (n=100) compared to 101.9 (±70.6) in total physiological cases (n=56) (Figure 

22B). HPSE analysis revealed in tumor cases a majority of tumor glands labeling intensity of 

51.4% high (200<300), 25.4% medium (100<200) and 23.2% low (0<100) signal (Figure 22C). 

These data showed that the decrease of aHS at glands of the tumor front coincides with the 

increase of its catabolic enzyme HPSE expressed by tumor cells and thus HPSE might be 

involved in modulation of aHS in cancer. 

1.2.Correlation of glandular HPSE and aHS expressions with subtypes of myometrial 

invasion in endometrioid adenocarcinoma Grade 1. 

At the first stage of the endometrioid adenocarcinoma gathered in grade 1, different patterns 

of myometrial invasion are already distinguishable according to histology (Figure 23A). These 

patterns reflect the different approaches used by the glands to invade the surrounding tissue 

and are considered to have different invasive potency. We thus are interested in further 

analyzing the expression of our markers individually, according to the subtypes of myometrial 

invasion in order to see if aHS downregulation is associated with highest invasive patterns. 

The analysis shows that the majority of adenocarcinoma cases of our cohort had an 

infiltrating gland pattern, n=37 (36.27% of cases) followed by the broad front pattern, n=36 

(35.29%), MELF, n=17 (16.67%) and finally (11.76%) of adenomyosis like n=12 in a total of 

102 cases.  
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Figure 23. aHSPG and HPSE expression analysis in tumor glands according to the different 

patterns of myometrial invasion.  

A: Histological structure of the different patterns of myometrial invasion (top) of aHS expression (middle) and 

HPSE expression ((bottom) of tumor glands. B: Quantification of aHS and HPSE intensity labeling in 

physiological (n=56) and BF (n=36), AL (n=12), IG (n=35) and MELF (n=17) patterns. In endometrioid cancer 

subtypes, aHS is decreased and HPSE is increased in function of the invasiveness of the subtypes, the most 

invasive MELF type has the biggest decrease in aHS and the biggest increase in HPSE compared to normal 

glands.*, p-value≤0.05; **, p-value≤0.01; ***, p-value≤0.001; ****, p-value≤0.0001. C: aHS and HPSE 

intensity distribution analysis in the different patterns of myometrial invasion.  

 

aHS labeling intensity analysis revealed that all subtypes of myometrial invasion show 

significant downregulation of expression compared to physiological cases (Figure 23B). 

Comparison between subtypes shows significant differences between less invasive forms BF 

and AL and the most invasive IG and MELF (Figures 23A, B). We measured an average 

intensity labelling of 205.1 (±87.9), 188.0 (±104.7), 155.0 (±90.1) and 91.5 (±55.7) in BF 

(n=25), AL (n=5), IG (n=25) and MELF (n=17) cases (Figure 3B), respectively. The “bulky 

pushing” types (BF and AL) displayed a predominance of high intensity labeling level 

(200≤300): 50% in BF, 40% in AL while “widely dispersed” types, IG and MELF, displayed 

a majority of medium and weak intensity labeling, decreasing the high score (200≤300) to 24% 

in IG and 0% in MELF (Figure 23C). These data show that in the two most severe subtypes of 

myometrial invasion (IG and MELF) where the glands invade more easily the myometrium 
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with a permissive stromal reaction, downregulation of aHS within tumor epithelial cells is more 

relevant. Decrease of aHS correlates thus with tissue permissiveness and tumor invasion. 

aHS catabolic enzyme HPSE showed a mirror intensity labelling compared to aHS in the 

different myometrial invasion types. We measured an average intensity labelling of 194.2 

(±86.9), 198.3 (±93.9), 219.7 (±83.2) and 255.9 (±55.6) in BF cases (n=36), AL cases (n=12), 

IG cases (n=35) and MELF cases (n=17) respectively (Figure 3B). No significant difference of 

average intensity labelling was observable between the subtypes (Figure 23A). A significant 

increase of HPSE intensity labelling was noticed in all invasive patterns compared to 

physiological cases (Figure 23B). HPSE labeling intensity displayed the same pattern of 

expression in all subtypes of myometrial invasion (Figure 23A, B), and HPSE is thus 

overexpressed in all tumor subtypes. The distribution of labelling intensity, however, allows 

us to analyze more deeply the differences between the subtypes (Figure 23C). Graduate 

changes occur from the histologically less invasive BF and AL patterns to the most invasive 

IG and MELF patterns.  Indeed, while BF has equal proportions of week, medium and strong 

intensity, AL shows slight predominance of strong intensity with 42% of 200≤300. The gap is 

widening with IG and MELF with a majority of high intensity labeling level of 54% and 76%, 

respectively (Figure 23C). HPSE is thus mostly overexpressed in invasive tumor cases where 

the lowest intensity of its aHS substrate is seen. 

2. Characterization of endometrial vascularization during physiological and 

pathological tissue remodeling. 

2.1.Quantification of blood and lymphatic vessel density. 

2.1.1. Blood and lymphatic vessel density during the estrus cycle 

Physiological tissue remodeling of the endometrial stroma was then explored. As labelling 

we used platelet endothelial cell adhesion molecule‐1 (PECAM‐1), also known as CD31, that 

will highlight both vascular and lymphatic vessels. It is the most sensitive and specific 

endothelial marker in paraffin sections and stains small as well as large vessels. To discriminate 

blood from lymphatic vessels, we used a second labelling, D2-40 which stains only lymphatic 

vessels. Blood and lymphatic vessels were counted in proliferative phase, early secretory and 

secretory phases of the estrus cycle.  

The functional endometrium is a layer where physiological tissue remodeling occurs during 

the estrous cycle. However, the number of blood (CD31+) and lymphatic (D2-40+) vessels do 

not vary significantly during the cycle. The vessels were counted in functional endometrium 

with a mean of 40.39 (±21.09) CD31+ and 4.78 (± 3.14) D2-40+ vessels in proliferative stage, 

29.28 (±14.76) CD31+ and 3.98 (± 3.11) D2-40+ vessels in early secretory stage and 35.91 

(±12.79) CD31+ and 3.28 (± 2.98) D2-40+ vessels in secretory stage (Figure 24A).  

In the basal endometrium, the stability of the stroma during the cycle also translates with 

stable number of vessels, with a mean of 50.24 (±23.06) CD31+ and 8.21 (±4.68) D2-40+ 

vessels in proliferative stage, 41.33 (±22.83) CD31+ and 7.46 (±3.01) D2-40+ vessels in early 

secretory stage and 44.76 (±15.38) CD31+ and 8.44 (±3.89) D2-40+ vessels in secretory stage 

(Figure 24A). 
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The superficial myometrium adjacent to the basal layer of the endometrium was also 

analyzed for comparison with the myometrium adjacent to the tumor. We noticed a little 

decrease of CD31+ vessels during the secretory phase. A mean of 75.8 (±43.12) CD31+ and 

5.07 (±2.89) D2-40+ cells in proliferative stage, 55.99 (±19.47) CD31+ and 4.76 (±2.14) D2-

40+ cells in early secretory stage and 52.37 (±23.91) CD31+ and 5.63 (±3.39) D2-40+ cells in 

secretory stage were counted in the basal layer (Figure 24A). 

The stability in the number of blood and lymphatic vessels in the functional zone of the 

endometrium  that develops from the basal layer during the cycle suggests that elongation of 

existing vessels is the major mechanism by which endometrial angiogenesis occurs in 

proliferative phase during the cycle. 

2.1.2. Blood and lymphatic vessel density in TME of endometrioid adenocarcinoma 

Grade 1 

Tissue remodeling in the TME such as angiogenesis and lymph angiogenesis has an 

essential role in the formation of a new vascular network to supply tumor cells with nutrients, 

oxygen, immune cells, and also to remove waste products [194]. Analysis of cancer cases gave 

interesting outputs. The numbers of blood and lymphatic vessels in the tumor’s invasive front 

were increased by 8.33% and 122.05%, respectively, due to tumor neo-vasculogenesis 

compared to the normal cases, in which capillary and lymphatic vessels density remain stable 

during the cycle. Indeed, mean values of 66.22 (±24.33) CD31+ and 11.50 (±8.76) D2-40+ 

vessels at the tumor front were counted compared to 61.13 (±31.67) CD31+ and 5.17 (±2.85) 

D2-40+ vessels in superficial myometrium of physiological cases (Figure 24B).  

The number of blood and lymphatic vessels did not significantly vary between the different 

patterns of myometrial invasion (Figure 24C), with CD31+ vessels counts of 69.09 (±21.3), 

60.13 (±27.24) and 72.30 (±23.58) in the myometrium adjacent to the tumor, the TME, for BF, 

IG and MELF cases, respectively (Figure 4C). D2-40+ vessels were also counted as 15.04 

(±11.97), 7.85 (±4.13) and 12.08 (±5.49) in the TME of BF, IG and MELF cases, respectively 

and significant increase in the number of lymphatic vessels in the TME was observed in BF 

and MELF histotypes, as compared to normal superficial myometrium (Figure 24C). 

The number of blood and lymphatic vessels inside the tumor is significantly lower 

compared to the tumor front, with a mean of D2-40+ vessels of 4.31 (±9.82) inside the tumor 

compared to 11.50 (±8.76) at tumor front, respectively, corresponding to a decrease of 63.87% 

(Figure 24C). Also, a mean of CD31+ vessels of 12.35 (±6.19) inside the tumor compared to 

66.22 (±24.34) at tumor front was detected corresponding to an 81.35% decrease. This 

phenomenon can be explained by the lack of stroma between glands in the tumor compartment 

due to very tight packaging of tumor glands leaving little stroma space for vessels. 
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1.1.Quantification of blood and lymphatic vessel proliferation. 

1.1.1. Blood and lymphatic vessels proliferation during estrus cycle  

Angiogenesis in the human uterus is required to support the reconstruction and growth of 

endometrium after the menstrual period and to provide a vascularized, receptive endometrium 

for implantation and placentation three weeks later [195]. Physiological angiogenesis was 

further characterized and we measured a second parameter: endothelial cell proliferation within 

capillaries at the superficial myometrium. MIB-1 is a cell proliferation marker that recognizes 

the Ki-67 nuclear protein, which is associated with cell proliferation and is found throughout 

the cell cycle (G1, S, G2, and M phases) but not in resting (G0) cells. Nestin, on the other hand, 

is a type-IV intermediate filament (IF) expressed in endothelial cells. Only Nestin+ vessel with 

at least one MIB-1+ nucleus was considered as proliferating (Figure 25A). We have counted 

2.07% (±1.7) of capillaries that are in proliferation among total capillaries in the proliferative 

phase. Positive Nestin/Mib1 signal was seen in 1.24% (±1.2) capillaries of the early secretory 

and in 2.37% (±2.1) capillaries of the secretory stages (Figure 25B). These results show that 

 
Figure 24. Quantification of CD-31+ endothelial and C2-40+ lymphatic vessel density.  

A: In the normal uterus, blood and lymphatic vessels form a stable vasculature in the myometrium and the 

endometrium, with no variation in number during the estrus cycle. *, p-value≤0.05. B: In endometrioid cancer, 

in the superficial myometrium, constituting the tumor microenvironment TME, the microvessel density is 

similar between cancer and normal endometrium, for blood and lymphatic vessels with only a slight increase. 

C: In the TME of endometrioid cancer subtypes, the microvessel density is similar in the different subtypes for 

blood vessels while lymphatic vessels density was increased in BF and MELF cases. *, p-value≤0.05; **, p-

value≤0.01; ****, p-value≤0.0001. 
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there is no significant change of blood vessels proliferation between phases of the estrus cycle 

and the proliferation rate inside the vessel of physiological endometrium is low. 

1.1.2. Blood and lymphatic vessels proliferation in TME of endometrioid 

adenocarcinoma Grade 1 

Analysis of cancer cases showed that proliferating capillaries are significantly increased in 

the tumor compared to control cases. 6.46% (±8.1) of total capillaries in superficial 

myometrium adjacent to tumor front were found to be proliferating compared to 1.95% (±2.3) 

in normal endometrium (Figure 25C). 

Blood vessels proliferation doubled in BF and IG patterns with an average of 

Nestin+/Mib1+ capillaries of 4.46% (±3.4)  in BF and 4.46% (±5.2) in IG compared to an 

average of 1.95% (±2.3) in physiological cases (Figure 25D). In MELF pattern, a 6-fold 

increase in capillaries proliferation with an average of 11.09% (±12.3) was observed compared 

to control cases (Figure 25D). It can be derived that pathological tissue remodeling in the TME 

is characterized by an increase in endothelial cell proliferation inside the vessels. This 

proliferation is more relevant in the most aggressive histological myometrial invasion MELF 

were a desmoplastic reaction and an EMT is observable, conditions favorable to 

metastatization.  

Increased MVP was significantly correlated with negative aHS status and with higher 

histological invasiveness. At early grade, EC has deregulated endothelial cell proliferation, but 

not increased MVP suggesting that in tumor cases, the angiogenesis by elongation is enhanced 

could support later sprouting angiogenesis which corresponds to the growth of new capillary 

vessels out of preexisting ones. 

 
Figure 25. Microvessel proliferation (MVP) analysis.  

A: Immunostaining of capillaries with Nestin (in pink) and endothelial cell proliferation with Ki-67 (in brown 

with arrow). Only Nestin+Mib1+ vessels are considered as proliferating capillaries ((arrow) and Nestin+ 

vessels (arrow head) was quantified as total number of capillaries. B: Quantification of Nestin+Mib1+ vessels 

in superficial myometrium during the three phases of the cycle. In the normal endometrium, microvessel 

proliferation in the endometrial stroma is stable during the cycle for blood and lymphatic vessels. C: MVP 

analysis in superficial myometrium of physiological and tumor cases. In the TME, the MVP is increased with 

distinct cases showing highly increased percentage of proliferating vessels. ****, p-value≤0.0001. D: 

Quantification of proliferating vessels in superficial myometrium of physiological (green) and each pattern of 

cancer invasion (red). Microvessel proliferation is increased mostly in the highly invasive subtype MELF with 

a 5-fold increase in percentage of proliferative vessels.  **, p-value≤0.01; ****, p-value≤0.0001. 
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1.1.aHS expression analysis in vessels of superficial myometrium and TME during 

physiological and pathological tissue remodeling. 

1.1.1. aHS expression in superficial myometrium and distance between glands front 

and the 1rst labelled capillary  

In normal endometrium, capillaries are labelled for aHS in the functional and basal zone as 

well as inside the underlying myometrium. This labelling does not vary during the estrous cycle 

as shown for secretory endometrium (Fig 26). aHS is present in endothelial cells basement 

membranes where  it displays an antithrombotic function [187]. aHS labelling with fluorescent 

AT-488 revealed that in 100% of the normal endometrium cases, capillaries in basal zone 

stroma of the endometrium and at the myometrium interface were strongly positive (Figure 

26B) andthis labeling is constant during the cycle. The distance between normal glands at the 

myometrial interface and the first capillary labelled in the adjacent myometrium was almost 

imperceptible, ±10 to 30µm in all physiological cases without significant differences (Figure 

26A). We have measured an average of 17.5 (±5.7) m, 17.9 (±3.8) m and 19.2 (±4.6) m in 

total proliferative cases (n=22), early secretory cases (n=15) and secretory cases (n=20), 

respectively. We can conclude that the physiological tissue remodeling occurring during the 

estrus cycle does not affect the strong expression of aHS in capillaries in the myometrium, and 

the number of these vessels remains stable with low proliferation rate. 

1.1.2. Pattern of aHS expression on myometrial vessels at the tumor front 

according to histological subtypes  

The previous results show that labeling of aHS in capillaries is constant during 

physiological tissue remodeling, and the number of vessels remains constant during the estrus 

cycle. This suggests that aHS expression could be a marker of tissue integrity. Interestingly, in 

human adenocarcinoma cases, results show that aHS downregulation was not limited to the 

tumor but occurred also in the TME. Capillaries coming into the tumor did not express aHS as 

well as capillaries in the invasive tumor front in most of the cases (Figure 26B). 

The distance from gland at the tumor front to the first labeled capillary in the adjacent TME 

revealed interesting output to understand the behavior of the tumor in its environment. In 

cancer, the distance between the first labelled capillary and the endometrial glands of tumor 

front increased from tens of micrometers with an average of 18.2 (±4.8) m in normal cases to 

hundreds of um in  tumor cases with an average of 388.3 (±384.8) µm  (Figure 26B). By 

observing the distribution of distances, only 53% of cancer cases exhibited a short distance 

(0≤200), 18% of 200≤400 and 29% 400≤ (Figure 26B). 
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Figure 26. aHSPG expression analysis in endometrial stroma and tumor micro-environment.  

A: Pattern of aHS expression on vessels of physiological cases. A1: Labelling of aHS expression on capillaries 

with AT-b labelling of a secretory endometrium, showing constant labelling on basal and functional layers in 

physiological cases. In healthy endometrium, the microvasculature present in the superficial myometrium is 

positive for aHS at short distance from the tumor front with a median of around 20µm., this labelling does not 

vary during the estrous. B: Labelling of aHS expression on capillaries at the superficial myometrium of 

physiological and tumor cases, with fluorescent AT-b labelling showing disappearance of aHS labelling in 

capillaries of the tumor micro-environment. The distance measured between the tumor front and the first aHS-

labelled capillary in the TME is significantly higher than in normal endometrium, for all cancer cases.  ****, 

p-value≤0.0001. C: Quantification of distance between tumor front the first capillary labelled and distribution 

analysis in each pattern of myometrial invasion in comparison with physiological cases. In the most invasive 

cancer subtypes, IG and MELF, this distance is considerably longer, suggesting that aHS downregulation in 

TME capillaries renders them permissive to cancer invasion and metastasis.****, p-value≤0.0001. D: Images 

showing the labelling for aHS expression on a MELF cases displaying  a large halo of negative aHS labelling 

on capillaries with a distance of 1751µm. 
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We were then interested to see if a particular distance distribution could be found in the 

early stage of each invasion type. Interestingly, the extent of the suppression in aHS in 

capillaries of the TME corresponds to the decrease in aHS in tumor glands at the tumor front 

(Fig 23B, C). The distance is proportional to the ability of the tumor to manipulate its 

environment in order to remodel the tissue to its advantages and to invade. Thus, we observed 

that positive aHS tumor front is most of the time related to a short distance and conversely a 

negative front to a longer distance. The largest distances were observed in IG and MELF types, 

with a mean of 58% and 59% of cases exhibiting a distance greater than 400µm (Figure 26C), 

corresponding to an average value of 563.0 (±405.9) µm of distance in IG and an average value 

of 610.3 (±438.9) µm in MELF cases (Figure 26C) and a maximal distance of 1751µm 

observed in a MELF case (Figure 26 C, D). In BF and AL patterns, the distance between tumor 

front and the first labeled capillary was significantly shorter. BF and AL displayed a majority 

of 0 to 200µm distances, corresponding to 68% of the cases for BF and 100% of the cases in 

AL (Figure 6C), respectively and an average value of 149.3 (±106.2) µm in BF which is 

remarkably inferior compared to the two other patterns but still significantly bigger than the 

distance found on normal endometrium cases (Figure 26C). 

3. Use of common prognostic factors from case series and cohort studies to identify 

potentially highest invasive cases with metastatic output cases. 

Previous analyses were done between each parameter (aHS, HPSE, MVP, MVD, distances) 

with the histological characteristics. In the following section we will perform a dual analysis. 

3.1.Identification of cases showing an extensive aHS downregulation in invasive 

glands and TME. 

To further emphasize the causal relationship between the tumor and the TME, aHS 

expression in glands of the tumor front and on capillaries of the TME was analyzed in 

correlation together with the patterns (Figure 27A). A particular distribution was observable in 

each subtypes. BF cases present heterogeneous aHS labelling in tumor glands with short 

distances of aHS in TME. IG cases present heterogeneous aHS labelling in tumor glands with 

long distances of aHS in TME. And MELF cases present week aHS labelling in tumor glands 

with long distances of aHS in TME. MELF cases that have the most extensive decrease index 

of aHS in glands are the ones with the largest zones of aHS downregulation in capillaries with 

distances greater than 400µm. A gradual HS disappearance is thus observable with the intensity 

of invasion starting in the TME (Figure 27C). This result highlights a strong tumor-TME 

crosstalk. 

3.2.Identification of cases showing an extensive aHS downregulation and vessel 

proliferation in TME. 

To further emphasize the causal relationship between aHS expression in capillaries and 

tumor angiogenesis we have analyzed in correlation both parameters (Figure 27B). Again, we 

find a particular distribution in each subtypes with gradual intensity according to invasion. BF 

cases present the smallest index of capillary proliferation with short distances of aHS in TME. 

IG cases present small index of capillary proliferation with long distances of aHS in TME. 

Finally, we find that MELF cases that have the highest index of capillaries proliferation are the 
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ones with the largest zones of aHS downregulation with distances greater than 400µm. On 

capillaries, modifications start with aHS decrease followed by endothelial cell proliferation 

supporting the causal-link of aHS decrease in angiogenic activation (Figure 27C). 

 
Figure 27. Correlation analysis of parameters used in the study to identify high invasive 

characteristics.  

A: Correlation analysis between gland aHS intensity labelling and aHS distance shows a gradual decrease of 

aHS expression in the TME and glands from BF to MELF. B: Correlation analysis between blood vessels 

proliferation and aHS distance in the TME shows a gradual decrease of aHS expression in the TME followed 

by vessel proliferation from BF to MELF. C: Schematic model of aHS changes in the gland and the stroma 

from physiological to pathological tissue remodeling. Physiological tissue remodeling affects only endometrial 

glands in the secretory phase. In Cancer, both glands and vessels are affected leading to invasive glands and 

proliferating vessels. 

 

3.3.Prognostic validation with clinical follow-up of the cancer cases. 

Our analysis support that MELF pattern present molecular characteristics of invasive and 

pro-angiogenic features and suggest that those cases must be taken more carefully compared 
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to other grade 1 cases. It is possible to select within MELF cohort cases with severe aHS 

downregulation and vessels proliferation. We are currently planning to do a clinical follow-up 

of the cohort study to evaluate the prognostic value of aHS expression in MELF cases. 

4. ADDITIONAL EXPERIMENTS 

4.1. Verification of AT-binding assay specificity. 

aHS, on the other hand, was detected in a ligand binding assay using biotinylated 

antithrombin (AT-b) developed by us following the protocol previously described [196]. To 

control the specificity of aHS-AT binding a competition assay was done by co-incubation of 

AT-b with UFH heparin (UFH liquemin, Drossapharm AG). aHS chains contain a 3-O-sulfated 

glucosamine within a pentasaccharide constituting the AT binding site in both heparin and aHS. 

Dextran sulfate (DxS), another glycan that does not contain the specific pentasaccharide within 

the chain, was used as negative control. A second control setting to ensure the specificity of 

the streptavidin protein conjugated to horseradish peroxidase (HRP) enzyme was used with 

BSA buffer incubation instead of AT-b (Figure 28).  

  
Figure 28. Specificity of AT-b to aHS (Competition test).  

Histological staining of aHS with AT-b binding assay with and without competition. Suppression of signal in 

histological sections on the binding assay upon competition of AT-b with co-incubation with unfractionated 

heparin (UFH), but not with DxS, ensures the specificity of the AT-b to endogenous aHS. 

 

4.2. aHS and HPSE evaluation in tumoral processes of latent EC Grade 1. 

EC is an overwhelming cancer mostly affecting postmenopausal women. EC cancer derives 

from progressive transformation from normal postmenopausal atrophic endometrium, to latent 

precancer hyperplasia glandular cystic endometrium to finally endometrioid adenocarcinoma 

grade 1. To ensure the specificity of aHS and HPSE expression changes to cancer, labelling of 

these two parameters was also performed into these stages (Figure 29). aHS expression analysis 

revealed that postmenopausal and latent endometrium gave positive signals on glands and 

stromal capillaries unlike already established cancer. HPSE expression analysis also revealed 

an increasing expression labelling from hyperplasia with a maximum in EC grade 1. These 

results suggest that HPSE increase arrives upstream aHS decrease and that aHS downregulation 

labelling is specific for cancerous endometrium. 
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Figure 29. aHS and HPSE in pre-cancerous and cancerous phases. 

Histological staining of HPSE (top) and aHS (bottom) in atrophic, benign and malignant pathology of 

endometrium. Upregulation of HPSE expression starts from latent hyperplasia and reaches its maximum in EC. 

aHS labelling decrease is attributed only to EC. 

4.3. Sulfs expression analysis in EC Grade 1. 

 

In physiological endometrium, proliferative and secretory phases, the endometrial glands 

staining was homogenous in the basal and functional zone, with a moderated cytoplasmic 

intensity. There were no polarization to the basal nor apical border (Figure 30). 

In EC of different pattern of myometrial invasion (IG, MEFL and BF) the distribution of 

the staining was homogenous across all the tumor surface such as the center and the invasive 

front.  The staining intensity was strong and moderate in ¾ of the cases with no difference 

between the pattern of infiltration as well as HPSE. In the remaining cases the intensity was 

low and any cases were negatives. These results suggest that Sulf2 expression dos not directly 

impact the distribution of Ahs in tumor glands and other mechanisms implicated are involved. 

 
Figure 30. SULF2 expression in the pattern of myometrial invasion. 

Strong SULF2 labelling was observed in glands of all tumor cases without distinction 

within the patterns of myometrial invasion. Strong signal was seen in lymphocytes in TME 

of MELF with desmoplasia. 
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However, we noticed MELF TME present recruitment of immune cells that display strong 

intensity labeling of Sulf2 suggesting that they could participate in aHS remodeling on the 

tumor front. 

5. DISCUSSION 

Tumor stroma is composed of the ECM including HSPGs, fibronectin, collagen, cytokines, 

and GFs [182]. As the tumor evolves, the stroma undergoes tissue remodeling under the action 

of enzymes able to modify the glycosidic chains of the ECM, i.e., glycosyltransferases, 

glycosidases, sulfotransferases, SULFs, and HPSE [150]. The presence and amount of these 

GAG-related enzymes help to identify high-risk patients and to develop personalized 

therapeutics [198]. Indeed, Barkeer and collaborators demonstrated that elevated expression of 

the O-glycosyltransferases GALNT3 and B3GNT3 regulates cancer stem cell markers in 

pancreatic cancer and their knockdown leads to decreased clonogenicity and migratory 

capacity [199]. Increased HPSE expression is also often described to promote an aggressive 

tumor behavior via multiple mechanisms [134]. It has been demonstrated that tumors are more 

aggressive when developed in transgenic mice overexpressing HPSE (Hpa-Tg and MMTV-

heparanase), whereas smaller tumors develop in Hpa-KO mice [200, 201]. However, our 

analysis revealed that evaluation of HPSE alone was not sufficient to discriminate higher 

aggressive patterns of myometrial invasion in early stage EC.  All EC gave strong positive 

signals for HPSE without distinction between the patterns when analyzed in the cohort. We 

thus analyzed aHSPG as potential candidate. 

Remodeling of HSPGs through enzymatic modification of HS chains is associated with 

malignant transformation of cells and can potentially serve as molecular biomarker to aid in 

the diagnosis and prognosis of cancer [144, 202]. In this study we focused particularly on aHS 

expression during physiological and pathological tissue remodeling occurring in the basal 

membrane of the glandular endometrial epithelium and its stroma and TME. We hypothesize 

that the decrease of aHS by enzymatic degradation through HPSE post-synthetic modification 

through Sulfs could allow tumor glands to invade at the tumor front and allow ECM remodeling 

such as desmoplastic reaction, tumor angiogenesis and tumor cell metastatization. We analyzed 

aHS and HPSE on these aspects in a cohort on endometrioid adenocarcinoma cases at first 

grade and firsts stages of the disease in order to evaluate their implication in the first steps of 

tumorigenesis. To evaluate if they could be a valuable prognostic tool to identify at early stage 

aggressive endometrial carcinoma, a clinical follow-up of the cases will be done in order to 

confirm if aHS marker could predict at early stage the patients that are going to evolve into the 

disease. 

We have found that aHS expression on glands of the functional layer of endometrium had 

cycling expression pattern accompanying the tissue remodeling occurring under the action of 

sexual hormones during the estrus cycle. Normal glands repress aHS in their basal lamina when 

the glands elongate during the secretory phase in the endometrial region undergoing tissue 

remodeling. HPSE exhibits medium to low level of expression in normal glands. Decreasing 

level of aHS during secretory phase is also accompanied with reduction of HPSE expression, 

a safety mechanism by which normal cells could contain the overshoot of tissue remodeling. 
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The basal zone of the endometrium, however, is not affected by the cycling tissue remodeling 

and aHS and HPSE expression remain stable on those glands. Physiological tissue remodeling 

in the endometrium is thus characterized by aHS downregulation in a tight delimited region 

during a precise time-lapse coinciding with the implantation window, a very controlled 

mechanism to allow normal glands to elongate. We hypothesized that in the same way, 

downregulation of aHS could also be implicated in tissue permissiveness to tumor invasion, 

angiogenesis and tumor progression. In cancer cases, the glands at the tumor front that invade 

the myometrium repress aHS and this downregulation is more extensive in the most aggressive 

pattern of myometrial invasion such as MELF glands. The expression of HPSE was found to 

be elevated in all cancer cases compared to controls without distinction of invasion histotypes. 

This result suggests that HPSE is implicated at the very beginning in the initiation of 

tumorigenesis. HPSE participates in numerous cancer related functions such as cancer motility, 

invasion, metastasis and nuclear activity mainly due to its HS degrading activity [139]. HPSE 

can translocate in the nucleus where it degrades nuclear HS and regulates genes associated with 

tumorigenesis [139]. A recent study demonstrated that knockdown of HPSE resulted in 

decreased cell proliferation by downregulating MMP1 expression via p38 MAPK signaling 

pathway in vitro, whereas overexpression of HPSE resulted in the opposite phenomenon [203]. 

Upregulation of HPSE in all cancer glands is observed in parallel with a dense and stratified 

epithelium in cancer glands as well as the increase of number of tumor glands. In cancer, HPSE 

catalyzes the cutting of the side chains of HS and contributes to the remodeling of the basal 

membrane of tumor glands and of the ECM of the tumor micro-environment [139]. HPSE 

promotes the release of various HS-linked molecules like grow factors, cytokines and enzymes 

that could diffuse in the TME and act at distance from the tumor front. Indeed, we observed in 

our tumor cases that capillaries from the TME were negative for aHS and the negative halo 

extended several hundred micrometers suggesting a distant action of the tumor glands on its 

micro-environment. It is known that HPSE also stimulates the expression of matrix 

metalloproteases [141] that degrade the core proteins of HSPG in the ECM favoring tissue 

remodeling such as desmoplastic reaction and tumor glands invasion which are relatable of 

histological characteristics of MELF pattern. aHS expressed on the cell surface is normally 

subjected to limited degradation and proteolysis resulting in its release in ECM or it can be 

internalized by endocytosis and degraded by a multi-step process terminating in the lysosomes 

[134]. In cancer, this degradation is enhanced increasing the bioavailability of molecules that 

were before sequestered by HS chains such as HS-bound growth factors (i.e., bFGF, VEGF, 

HB-EGF and KGF) which sustain neovascularization and wound healing [139].  

We thus evaluated the relation between aHS downregulation in blood and lymphatic vessels 

with tumor-induced angiogenesis. We found that blood vessels during the normal estrus cycle 

had constant labelling for aHS no matter if they were in the stable basal zone or the functional 

zone of the endometrium where tissue remodeling occurs. Those vessels elongate as the 

endometrium acquires thickness during the proliferative stage of the cycle but the number of 

capillaries and lymphatic vessels does not increase. Those vessels are also characterized by a 

low proliferation rate, stable during the cycle. aHS expression is stable as well during this 

angiogenesis by vessel elongation which accompanies the thickening of functional 

endometrium during the proliferative phase, without requirement of tissue remodeling. 
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Furthermore, the permanence of aHS in the vessels of the functional endometrium during the 

implantation window and the secretory phase suggests that the physiologic adaptation of 

epithelial glands in preparation to the embryo implantation occurs without involvement of the 

neighboring  vessels responsible of the blood supply [38]. However, during pathological tissue 

remodeling occurring in the TME of tumor cases, capillaries at the myometrium adjacent to 

the tumor were negative for aHS and those vessels had a strong index of endothelial cell 

proliferation suggesting an active angiogenesis. Nestin and Ki-67 is an independent prognostic 

marker and associated with several features of aggressive tumors [204], supporting a more 

aggressive phenotype of aHS negative MELF. Count of blood vessels at the myometrium 

adjacent to the tumor was made to ensure that the decrease of aHS labelling was not the 

consequence of a decreased amount of vessels. However, we were unable to detect a difference 

in blood and lymphatic vessel counts. On a previous immunostaining  analysis of vessels during 

angiogenesis, it was shown that the four important basement membrane components- laminin, 

type IV collagen, HSPG (perlecan) and entactin, do not differ qualitatively between invading 

capillary sprouts from that of the established vasculature [205]. However, here we observe that 

capillary of the invasive TME strongly differ quantitatively for aHS suggesting their shedding 

from the perlecan core protein or degradation through HPSE thus increasing the GF gradients 

required for angiogenesis [206] that were previously sequestered by the perlecan on the N-

terminus domain of HS [207]. Basement membranes are active participants in the regulation of 

cell functions including blood filtration, storing GFs and cytokines and control angiogenesis 

and tumor growth, and their integrity is essential for the maintenance of vascular homeostasis 

[206, 208]. 

We also interestingly observed that the tumor cases with the most aggressive histological 

pattern of myometrial invasion had the largest halo of aHS negative capillaries around the 

tumor with the biggest index of capillary proliferation. This is an important outcome suggesting 

an interesting tumor-microenvironment crosstalk. A possible candidate of this long-distance 

interaction could be the Sonic hedgehog (Shh) signaling in which cancer cells produce soluble 

a Shh that signals to distant stromal cells that express the receptor Patched (Ptc) [209]. 

Treatment with heparin or HS was shown to interfere with Shh release and reception [209], 

suggesting that when suppressed, Shh is free to act on distal vessels. The tumor has the ability 

to manipulate its environment in order to remodel the tissue to its advantages by supplementing 

blood and lymphatic vessels to prepare the mechanism of metastatization leading to a Grade 2 

cancer. Indeed, MELF pattern that is characterized by an EMT [49] and thus by a metastatic 

leading process, had the biggest endothelial proliferation index and the strongest aHS 

downregulation. In addition, MELF pattern is characterized by strong inflammatory response 

in the TME and it has been demonstrated that circulating neutrophils release angiogenic factors 

in endometrial stroma when the cells becomes activated [33]. The implication of HS 

proteoglycan Sdc-1 in the mediation of leukocytes adhesion and activities during inflammation 

is well established as richly explained in the following article and review [112, 210].  

Low-risk EC (grade 1 stage 1A,) develops recurrence of their EC in a medium time of 23 

months after initially being diagnosed and treated for low-risk EC [211]. Micro anatomical 

variations of MELF pattern within grade 1 should thus be considered as they may be relevant 

to tumor invasion and progression. Euscher et al. suggested that the presence of single cell 
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invasion pattern in MELF is a potential predictor of advanced stage disease as it was associated 

with lymphovascular invasion and lymph node metastatic or extra uterine disease in low grade 

endometrial carcinoma [65, 212, 213]. During the last past years, MELF pattern has aroused 

much interests but its prognostic and predictive effect still remains elusive [65]. The clinical 

follow-up of MELF cases could confirm their higher risk of developing Grade 2 cancer and 

recurrence. 

Collectively, these results confirm our working hypothesis that aHS is downregulated in 

pathologically permissive conditions allowing cell invasion and tumor angiogenesis and that 

HPSE might be involved in modulation of aHS in cancer invasion. In tumors with most 

aggressive invasiveness and with metastatic output, MELF cases, the downregulation of aHS 

expression within the tumor and tumor environment is more relevant and is associated with the 

highest angiogenesis and lymphangiogenesis index.  

 
Figure 31. Summary scheme of aHS expression analysis in gland and stroma of normal and 

cancer cases. 

Tumor progression is characterized by the decrease of aHS in glands of tumor front with a most extensive 

downregulation in the most invasive histotypes with an EMT process. Blood vessels in the TME also reduce 

aHS resulting in the increase of proliferation. The halo of perturbed TME reaches more than 400µm while 

normally positive vessels are found at a negligible distance from the gland. 

 

To conclude, we suggest that a histological analysis together with aHS analysis made with 

a simple biding-assay could be a valuable tool to distinguish higher risks patients within MELF 

or IG histotypes. Those patients could be categorized for more developed follow-up with more 

adequate treatment such as heparin derivatives or HS mimetics that have been synthesized with 

reduced or absent anticoagulant activity but maintaining their binding selectivity potential 

towards a vast array of HS-binding proteins, many of which with pivotal roles in cancer growth 

and progression. 

This study will be continued by in vitro experiments to test the implication of HPSE and 

Sulf activity in regulating endometrial cells migration, and invasion in vitro. The follow-up of 
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patients with endometrioid carcinoma will also be done to show correlation between aHS, 

HPSE and Sulf expression in endometrioid cancer and metastatic relapse. 

6. MATERIAL & METHODS 

Tissue specimens 

It is a retrospective study of 102 human cases with uterine endometrioid carcinoma Grade 

1, stade pT1a and pT1b that had been treated with hysterectomy from 1998 until 2017, in the 

Department of Gynecology at the Geneva University Hospitals. Surgical specimens were fixed 

in buffered formalin, and samples were paraffin embedded and 5 μm-thick sections were 

obtained for each case. The cases were classified and graded following the World Health 

Organization criteria [214], and were staged according to the International Federation of 

Gynecology and Obstetrics [215]. Since we aim at finding precocious markers, only low grade 

cases of adenocarcinoma where taken. We took cases that were diagnosed for a period long 

enough to be able to do a clinical follow-up. As control group, we took 56 physiological cases 

with normal histology of the endometrium that underwent hysterectomy independently of 

cancer. They are divided into different cycle stages: 20 proliferative, 16 early secretory and20 

secretory. To enrich the analysis, 14 atrophic, 7 granulo-kystic and 23 hyperplasia 

endometrium were also analysed. The study was approved by the local ethical committee (CER 

10-155R). 

Histological classification of Grade 1 cancer and patterns of myometrial invasion 

The grade of an EC is based on their architecture. In grade 1 endometrioid cancer, the 

glandular componant is more than 95% of cancerous. Stage 1a and b refers to the depth of 

invasion in the myometrium, less or more than 50%.  

Pattern of myometrial invasion refers to the manner in which cancer infiltrates tissue at the 

tumor/host interface [216]. The prognostic significance of the pattern of myometrial infiltration 

was evaluated. Cases were classified in 4 differents patterns of myometrial invasiom: 37 

Infiltrating glands cases (IG), 36 Broad front cases (BF), 17 Microcystic, elongated, and 

fragmented cases (MELF) and 12 Adenomyosis like cases (AL). All cancer cases were 

dispatched amont these 4 categories. 

Considering that neoplasia infiltrating in a widely dispersed manner are more aggressive 

than those growing in a bulky pushing fashion [217], we have then splitted thoses patterns into 

two groups according to their histological degree of aggressiveness: BF and AL as the less 

aggressive and IG and MELF as the most invasive and aggressive. 

Localization and expression of aHS and HPSE 

Histochemical analysis of aHS and HPSE were conducted on paraffin tissue sections. 

Consecutive histological sections were used to perform in parallel both ligand-binding of aHS 

and immunohistochemistry of HPSE. HPSE was detected using the monoclonal mouse anti-

human HPSE antibody IgG1K Mab 130 (Chemie Brunschwig #INS-26-1-0000-21) and was 

labelled with a second antibody coupled to peroxidase (Envision+System HRP anti-mouse, 

DAKO K40019), and revealed by diaminobenzidin (DAB+). Histological  sections  of  first  
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and last trimester  placental  villi, known to highly express HPSE, were  used  as  positive  

control tissue.  

aHS, on the other hand, was detected in a ligand binding assay using biotinylated and 

fluorescent (Alexa Fluor 488) antithrombin (AT-b) developed by us following the protocol 

previously described [196]. aHS was labelled with a Streptavidin-peroxydase HRP from 

DAKO (K5001), followed by diaminobenzidin revelation. Wild type murine uterus was used 

as positive control tissue. Negative controls were incubated with BSA buffer instead of AT. To 

ensure the specificity of aHS-AT binding a competition assay was done by co-incubation of 

AT-b with heparin (liquemin, Drossapharm AG). DxS was used as negative control. 

 
Figure 32. Schematic representing the steps for immunodetection and ligand binding of HPSE 

and aHS on human FFPE histological sections. 

The EDTA based solution is designed to break the protein cross-links, therefore unmask the antigens and 

epitopes in formalin-fixed and paraffin embedded tissue. Non-specific sites of HRP and endogenous 

peroxydases were blocked with H2O2 and BSA buffer. Following with primary antibody/ AT-b incubation for 

HPSE and aHS labelling respectively. Binding of AT with endogenous aHS is fragile and need an additional 

glutaraldehyde fixation. Secondary antibody coupled with peroxidase is then administrated followed by DAB+ 

revelation. 

 

After evaluating histological sections qualitatively, we quantified the labeling using the 

following formula: 

(Intensity×% of glands labeled at tumor front)+ (Intensity×% of glands labeled at tumor 

front)+…… until reaching 100% of total glands 

We first identified the control tissue marker and we assigned it the maximum intensity 

3.We then evaluated the percentage of glands with this intensity in relation to the whole tumor 

front, exemple 3× 40%. We then evaluated the rest of the gland population in comparison with 

the control tissue marker intensity. This intensity between 0 and 3 (with 3 for intensity of the 

glands identical to that of the control) is then multiplied by the percentage of labeled glands, 

the result not exceeding 300, exemple (3× 40%)+(2× 10%)+(1× 30%)+(0× 20%)=170. 
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Determination of microvessel density (MVD) 

Angiogenesis and lymphangiogenesis wer analyzed in physiological and pathological 

cases. Labeling of blood and lymphatic vessels were performed using the pan-endothelial CD-

31 primary antibody (DAKO, M0823) and the lymphatic endothelial cells labelling was done 

using the anti podoplanin D2-40 primary antibody (DAKO, M3619), followed by secondary 

antibody and then diaminobenzidin revelation (DAB+). CD31, a member of the 

immunoglobulin superfamily, is a 130-kDa transmembrane glycoprotein also designated as 

PECAM-1 (platelet endothelial cell adhesion molecule 1). It is present on the surface of 

platelets, monocytes, macrophages, and neutrophils and is a constituent of the endothelial 

intercellular junction [218]. D2-40, is a ~38 kDa O-linked transmembrane sialoglycoprotein 

antibody that reacts with a fixation-resistant epitope on lymphatic endothelium [219]. 

The immunohistochemical study was performed on 20 proliferative cases, 16 early 

secretory, 20 secretory, 19 BF, 20 IG and 17 MELF cases. We determined microvessel density 

by counting the number of CD-31+ and D2-40+ vessels in five high power fields (400X) of 

each case. In physiological cases, the MVD were evaluated in three areas: in functional 

endometrium, basal endometrium and superficial myometrium. In tumor cases, the MVD were 

evaluated in intra-tumoral region and the myometrium adjacent to the tumor, the tumor 

microenvironment TME. 

Determination of microvessel proliferation (MVP) 

MVP is a measure of the number of vessels containing proliferating endothelial cells. First, 

Nestin positive vessels or single endothelial cells were detected using Nestin antibody (R&D, 

MAB1259) labelled with nitrotetrazolium blue chloride (NBT) - Alkaline phosphatase 

immunodetection in pink. Secondly, we assessed whether the endothelial cells had a Ki-67 

positive proliferating nucleus. Ki-67 positive nuclei were detected using MIB-1 antibody 

(DAKO, M7240) and stained brown by DAB-Peroxidase Substrate immunodetection, and only 

Nestin positive endothelial cells with Ki-67 positive nuclei clearly within the endothelial cell 

body were recorded as proliferating endothelial cells. 19 BF cases, 20 IG, 17 MELF, 20 

proliferatifs and 20 secretory cases were analyzed.  

Tissue slides were scanned using a Pannoramic 250 Flash II scanner (3DHistech, Ungary) 

with resolution of 0.22 µm/px. The following regions were defined manually: tumor front and 

its physiological homolog, the superficial myometrium. For each case, the deep myometrium 

was used for individual normalization. Within these regions, vessels were detected based on 

Hue values using the HSV color space with Definiens Developer XD [Version 2.7.0. (Definiens 

Inc., Munich, Germany), http://www.definiens.com/]. Vessels were grouped by size and 

presence of lumen to focus our analysis on capillaries. Mib1+ cell numbers and Mib1+ area 

were quantified for each vessel based on the DAB channel intensity after applying a color 

deconvolution algorithm [220]. Data was summarized and exported using R [Version 3.5.1 (R 

Core Team (2017). R: A language and environment for statistical computing. R Foundation for 

Statistical]. The algorythm was created with the help of Dr. Kreutzfeldt at the Faculty of 

Medicine of the University of Geneva and was adjusted until optimization of detection (Figure 

33). The raw data was processed by converting the Nestin+ and Mib-1+ pixel areas into a 
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number of object while being careful to remove duplicate Mib-1 in the same blood vessel. We 

then calculated the percentage of vessels with dual labelling. This percentage was then 

normalised to the deep myometrium value to reduce individual fluctuation. Microvessels were 

regarded as proliferating when they contained one or more proliferating endothelial cells. 

 

Localization and expression of SULF 

IHC staining for SULF was conducted on paraffin tissue sections. We used the anti-Rana 

19 polyclonal antibody generously given by Romain Vivès that target SULF2. The antibody 

was visualized using nitrotetrazolium blue chloride (NBT) - Alkaline phosphatase 

immunodetection in pink. Histological  sections  of  first  and last trimester  placental  villi, 

highly expressing SULF, were  used  as  positive  control tissue. 

Clinical follow-up of cancer cases analysed with respect of the histotypes 

After approval by the ethical committee, the clinical follow-up of cancer cases will be done 

and the patients that had relapse will be recorded. Finally, we will analyze if together the cohort 

study and the histological characterization of pattern of myometrial invasion have a prognostic 

value at early stage of the desease Grade 1 to potentially predict which patients are going to 

evolve into a metastatic outcome. 

Statistical analysis 

The statistical analysis was performed using the Prism5 program for Windows (GraphPad 

Prism® Software Inc., CA, USA). When comparing the two groups, the Mann-Whitney test 

was applied, and to compare more than two groups, the ordinary one-way ANOVA test was 

applied, followed by the Holm-Šídák or Tukey test. For the analyses, the quantitative variables 

were described by average, designed by the symbol (+) in the box, and standard deviation, 

while the significance level was set as p <0.05. 

 
Figure 33. Illustration of algorythm optimization to detect Nestin+Mib-1+ vessels for MVP 

analysis. 

Optimization allowed us to adjust detection to blood vessels only by removing the background detection. Left 

picture: before optimization example, right picture: after optimization example. 
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All illustrations and graphs were created using GraphPad Prism, Pannoramic 250 3D 

Histech viewer, Microsoft Excel, and Adobe Illustrator. 

 

HS and its derivatives in EC therapy: the 

challenge of modulating tumor cell 

invasion and angiogenesis 
Note: This thesis was kept confidential until August 2020, date of the patent filing of IFREMER 

compounds. 

1. SUMMARY 

In the human uterus, aHS is present in epithelial cells of the glandular epithelium and 

endothelial cells basement membrane but disappears during pathological tissue remodelling 

occurring in invasive EC with active neo-angiogenesis. In cancer, HS catabolic enzyme HPSE 

is elevated and shifted to an extracellular form modulating several cancer-related functions 

such as GF signalling and ECM remodelling. We postulate that aHS downregulation through 

HPSE degradation facilitates tumoral invasion and angiogenesis. Thus the anti-tumoral activity 

of HPSE inhibitors was evaluated in vitro on Ishikawa human endometrial tumor cell line 

proliferation, migration, invasion and angiogenesis. Those HPSE inhibitors are customized 

heparin mimetic compounds designed to increase potency and binding selectivity towards 

HPSE and specific proteins involved in cancer. We first evaluated their anti-migration and anti-

invasion effects on Ishikawa human endometrial tumor cells. Drugs treatments remarkably 

slowed wound closure speed with a maximum of -52.62% on a concentration 100µg/ml 

compared to non-treated cells. We have found that higher inhibition was attributed to 

compounds with high sulfation and was not mediated through AT-aHS interactions. N-

acetylation of oxyheparin in glycol-split compounds did not increase the inhibitory activity. 

Tumour cell invasion was decreased by 87% and we observed an inhibition of -52.97% of cell 

proliferation. HS derivatives also inhibited tumour-induced angiogenesis by decreasing the 

number of endothelial branches induced by tumour conditioned media suggesting that these 

inhibitors neutralize angiogenic molecules released by tumour cells. AT-ligand binding assay 

of conditioned media revealed that sulfated glycans, in addition to their anti-HPSE activity, 

induce a turnover where endogenous aHSPG are released into their extracellular form. In vitro 

inhibition of tumorigenesis-related processes under HS derivatives supports their therapeutic 

potential. 

2. INTRODUCTION 

Endometrial adenocarcinoma is the most common malignancy of the female genital tract 

in developed countries [61]. Different therapeutic modalities including radiotherapy and 

surgery and systemic therapies such as chemotherapy and hormone therapy are used to treat 
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recurrent EC [221]. Nevertheless approximately 13% of all ECs recur and the prognosis for 

recurrent disease is poor with the median survival hardly exceeds 12 months [222]. Clinical 

trials evaluating chemotherapy regimens in patients with EC include combinations of 

doxorubicin and cisplatin, cyclophosphamide or paclitaxel and carboplatin, most of them 

administered in a palliative setting. These systemic treatment options are often accompanied 

by high toxicity. There is thus an urgent need to find modalities to develope more adequate 

treatment for patients with high risk of recurrence [223]. 

Since venous thromboembolism is a well-known cause of death in patients with cancer [9], 

heparin has frequently been used in the treatment of cancer-associated thromboembolism. 

Accordingly, increasing clinical evidences demonstrated that cancer patients treated with 

unfractionated and low-molecular weight heparin (LMWH) survive longer than patients treated 

with other anticoagulants, especially patients in the early stage of the disease [10, 134, 224, 

225]. Heparin, which can be considered a highly sulfated version of HS, has been shown to 

possess anticancer, antiangiogenic, and antimetastatic activity [226, 227], but its anticoagulant 

activity and the possible side effects as bleeding and heparin-induced thrombocytopenia limit 

long-term treatment [134].  

A promising branch then emerged and led to an increased focus on heparins in anticancer 

treatment. Heparin derivatives or HS mimetics are highly sulfated, structurally distinct 

analogues of glycosaminoglycans (GAGs) and have been engineered to have reduced or absent 

anticoagulant activity while maintaining their binding selectivity potential towards a vast array 

of HS-binding proteins, many of which with pivotal roles in cancer growth and progression 

[228, 229]. These heparin mimetics that inhibit HPSE enzymatic activity are being evaluated 

in numerous clinical trials for various types of cancer, and appear to be well tolerated and also 

beneficial in combination with conventional anticancer drugs, thus providing a strong rationale 

for applying anti-HPSE therapy in EC [134]. For more information about HS derivatives and 

their application as modulators of HS turnover in Mucopolysaccharidosis disorders and Cancer, 

I highly suggest you to read a review I co-wrote earlier this year which you can find in the 

appendix to this thesis. 

HS is expressed on the cell surfaces of all mammalian cells where they serve as endocytic 

receptors and storage for macromolecules. HSPGs participate in a variety of cellular processes 

including cell migration, angiogenesis, proliferation and invasion. HPSE action influences the 

global distribution of HSPGs and thus participates in the process of tumorgenesis and spread 

[134].  

The previous study on EC Grade 1 revealed that tumour glands are characterized by 

decrease of aHS and by increased HPSE suggesting a correlation between the two events. 

Tumor progression was related to extensive aHS downregulation with predominance in 

strongly invasive phenotypes and with higher blood vessels proliferation in the tumour 

microenvironment, conditions that allow cell invasion, angiogenesis and metastatization. 

Tissue remodelling, invasion and angiogenesis therefore constitute privileged targets in the 

development of therapeutics tools. The stroma undergoes tissue remodelling during cancer 

progression under the action of enzymes such as glycosyltransferases, sulfotransferases, HPSE, 

and SULFs that modify the glycosidic chains of the ECM [150]. 
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As already reported in the introduction, HPSE is the only known mammalian 

endoglycosidase that cleaves HS chains and whose activity contributes to degradation and 

remodeling of ECM and thus is implicated in tissue remodeling and tumor progression [139]. 

HPSE cleaves the β (1,4) glycosidic linkage between GlcA and GlcNS, generating 5–10 kDa 

HS fragments (10–20 sugar units) and cleaves also heparin, which share a high structural 

similarity with HS [230]. In addition, other two extracellular enzymes with aryl sulfatase 

activity at neutral pH, Sulf1 and Sulf2, selectively remove 6-O-sulfate groups from 

glucosamine residues within HS polymers [104]. Modification of the 6-O-sulfation profiles at 

the heart of the S domains affects the ability of the polysaccharide to modulate the activity of 

a large number of GFs, morphogens and chemokines [118]. Changes within HS structure by 

both HPSE and Sulfs lead to massive alterations in their functional properties. Since the ECM 

serves as a reservoir for numerous bioactive molecules that bind to HSPGs, their cleavage 

orchestrate cellular responses in both normal and pathological situations.  

In this study we propose to evaluate HS as therapeutic tool in the treatment of EC Grade 1. 

Due to the important role of HPSE in HS post-biosynthetic modification and catabolism, we 

focus on the possibility to use HS mimetics competing with the endogenous HS as a mean to 

selectively inhibit HPSE activity. This study will focus on the possibility to control HS turnover 

and reduce aHS degratation by acting upon HPSE in order to decrease tumor cell proliferation, 

invasion and tumor-induced angiogenesis. The data obtained will enable us to evaluate the 

therapeutic potential of HS and its derivatives in EC Grade 1 treatments. 

3. RESULTS 

3.1 Analysis of HS derivatives characteristics. 

3.1.1. Molecular characteristics 

GAGs are the main mediators of communication (cell–cell and cell–ECM communication) 

in the extracellular space. Thus, they play a role in malignant transformation and tumor 

metastasis, and they can act as either promoters or inhibitors of the disease. Because of their 

high specificity, GAG sulfation patterns are strongly related to their function [13]. 

Glycosaminoglycans were first used as treatment. Unfractionated heparin (UFH) 

commercially known as Liquemin, LMWH Clexane, CS A and C together with Dermatan 

sulfate (DS) were supplied by Sigma (St. Louis, MO, USA). High and low MW dextran sulfate 

(HMW DxS and LMW DxS) was used to assess wether the effect was only dependant to the 

charge. 

In addition, two groups of manufactured HS mimetics, with low or absent anticoagulant 

activity, were also analyzed in our cancer model to evaluate their anti-tumoral activity. Those 

drugs are obtained from heparin and from marine bacteria exopolysaccharides and are currently 

being tested in clinical trials as potential drugs against various cancers. They act as competitive 

inhibitors that resemble the endogenous HS substrate of HPSE. These series of drugs are GAG-

mimetics chemically customized to be potentially suitable as bioactive agents for medical 

applications with potent heparin-associated functions, small molecular size and reduced 

anticoagulant activity for suitable patients administration without heparin’s side effects. The 

first group obtained from IFREMER institute are marine bacterial exopolysaccharide 
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derivatives that share similar structure to HS. The two tested compounds were: low-molecular 

weight GY785 DRS (A5-4), 36% sulfate content and oversulfated low-molecular weight 

GY785 DRS (A8), 45 % sulfate content. We also tested low-molecular weight “heparin-like” 

compounds HE800DR (A5), oversulfated HE800DRS (A5-3), and oversulfated HE800DRS 

(A6) which have respectively 0%, 17.8% and 30% sulfate content (Table 3). The second group, 

obtained from RONZONI Institute, is composed of heparin derivatives. Their size and sulfation 

degree have been determined and five compounds in total were tested. G5460 is pig mucosa 

heparin and is an analogue of liquemin both in terms of sulfation and MW. Two other 

compounds were obtained from G5460 by fractionation onto an AT-column and correspond to 

the high or low affinity fractions for antithrombin, respectively: G5460HA and G5460NA. And 

finally we tested glycol-split  (RO) compounds that are obtained through periodate oxidation 

followed by borohydride reduction of uronic acids, a modification that introduces  more 

flexibility in the molecule and disrupts the binding site for AT, causing loss of the anticoagulant 

activity. G9694 is an RO heparin, while G10239 is N-acetylated glycol-split heparin obtained 

by N-desulfation and N-acetylation of glucosamines followed by glycol-splitting.  

3.1.2. Anti-heparanase activity analysis 

It is well known that heparin and HS are substrates for HPSE. UFH and LMWH as well as 

Ronzoni heparin derivatives are potent HPSE inhibitors and their anti-HPSE activity  has 

already been well characterized and these compounds have been enrolled into clinical trials for 

cancer [134]. 

  
Table 3. Molecular characteristics of the glycans used in the study. 

GAGs, marine sulfhated glycans analogues of HS and heparin derivatives with different molecular weight, % 

sulfate contentand anti-thrombin affinity have been used in this exploratory study. 
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Since IFREMER sulfated glycans are new HS mimetics, we determined the anti-HPSE 

activity only on these products, in collaboration with Jin-ping Li (Uppsala, Sweden). The anti-

HPSE was evaluated by measuring the signal of remaining substrate after the incubation. The 

concentrations required for 50% HPSE inhibition (IC50 value) for the glycans were ranging 

from 1 to 1.5 µM (Table 4) for A5_3, A5_4 and A6, so these glycans have a strong potential 

as HPSE inhibitors. A5, however, seems to not affect HPSE activity. Since this glycan is not 

sulfated, the activity is dependent of the charge of the glycan conveyed by sulfation but is not 

affected significantly by the glycan size, from large HMW to LMW species ranging from 

16’000 to 5’100 Da.  

 

3.1.3. Anti-Sulf activity analysis 

To assess anti-Sulf activity, two complementary analyses were performed, in collaboration 

with Romain Vivès, (IBS, Grenoble, France). 

We first analyzed the arylsulfatase activity of recombinant HSulf-2 using the 4MUS assay, 

which measures the ability of arylsulfatases to convert the non-fluorescent 4-MUS pseudo-

substrate into the fluorescent 4-MU product [116]. The ability of HSulf-2 enzyme to process 

the 4MUS is represented by 100 % (T+). HS mimetics were first evaluated at high 

concentration of 10 and 100µg/ml. The Figure 34A represents the activity measured after 4h 

of incubation and shows significant inhibition of HSulf-2 activity by A5_3, A5_4, A6 and A8 

products. A5 product, in contrast, seems to increase the arylsulfatase activity of HSulf-2. A5 

seems to not target the active site but could bind to the enzyme and induce a conformational 

change more favorable to the activity. Anti-Sulf activity of A5_3, A5_4, A6 and A8 products 

was then assessed at lower concentration (Figure 34B). The analysis revealed that A5_3 and 

A8 exhibit an anti-sulf activity starting at 10µg/ml, while A5_4 and A6 can have an anti-Sulf 

activity at lower concentration, starting at 1µg/ml (Figure 34B, Table 5). 

HS binding properties of HSulf-2 was next investigated by assessing 6-O-endosulfatase 

activity. In this assay, heparin is treated with HSulf-2, then depolymerized into disaccharides 

to determine its composition. The ability of HSulf-2 enzyme to process heparin is represented 

by the ratio of disaccharide products (IdoA,2S-GlcNS) / disaccharide substrates (IdoA,2S-

GlcNS,6S). T-control represents untreated heparin and T+ represents HSulf-2 treated heparin 

in absence of inhibitor. A5_4 was first evaluated at high concentration of 10 and 100µg/ml and 

HS derivatives MW (g/mol) anti HPSE IC50 (µM) anti HPSE IC50 (µg/ml) anti - HPSE  

A5 34000 -  no 

A5_3 5100 1 - 1.5 5.1 - 7.7 strong 

 A5_4 8000 
1 - 1.5 8 - 12 strong 

A6 16000 1 - 1.5 16 - 24 strong 

A8 15000 10 - medium 
 

Table 4. Summary table of anti-HPSE activities of IFREMER HS mimetics. 

Structure-activity relationships was examined. The inhibitory activity of sulfated glycans showed to be greatly 

dependent on their degree of sulfation, but independent of their molecular size. 
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showed complete inhibition of HSulf-2 activity, with a ratio product/substrate comparable to 

that of untreated heparin at 4 and 24h (Figure 34C,D). A good inhibition was observed from 

1µg/ml for A5_4 compound, and to a lesser extent for A5_3 compound (Figure 34E and Table 

5).   

 

These results show that in addition to HPSE, IFREMER products can also be a substrate 

for Sulfs and a potent inhibitor of arylsulfatase and 6-O-endosulfatase activity at from 100 to 

1/10 µg/mL. As the study is mainly focused on post synthetic modification 

(degradation/desulfation) of aHS-mediated cancer activities, we will perform the following 

anti-cancer experiments with a concentration of 100 µg/mL of our products in order to inhibit 

HPSE and Sulfs activities [231]. 

 

 

 

 

 

 

 
Figure 34. Anti Sulf activity analysis on IFREMER HS mimetics. 

A, B: 4MUS activity measured after 4h of incubation and show a good inhibition of A5_4 and A6 at 1µg/mL, 

A5_3 and A8 products at 10µg/mL.  Endosulfatase activity of A5_4 product measured after 4h C; and 24 D; 

show a good inhibition at 10 µg/mL. E:  Endosulfatase activity of A5_4 and   A5_3 products measured after 

24h show an inhibition starting from 1 µg/mL. 
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3.2 Characterization of aHS and HPSE expression and production in our in vitro tumor 

and endothelial model cell lines. 

In order to analyze the action of HPSE inhibitors on aHS turnover the cells were first 

selected according to their ability to express and produce aHS and HPSE. Synthesis and 

degradation of HS are both complex pathways involving a variety of different enzymes, so we 

focused our analysis on the aHS key synthetic enzyme HS-3-O-sulfotransferase-1 (3OST1) 

which is responsible for introducing the trisulfate glucosamine residue in the AT-binding 

domain of HS chains and is thus specific of aHS. 

First, cell surface aHS and HPSE expression were analysed on Ishikawa monolayer 

cultured on coverslips using labelled AT binding and IHC for aHS and HPSE localization, 

respectively (Figure 35A). Human EC Ishikawa cell line displayed a weak positive signal for 

aHS and a medium signal for HPSE on the cell surface suggesting a rapid turnover of aHS and 

on the cell membrane. Human endothelial EAhy-926 cell line gave a medium signal for HPSE 

and a medium signal for aHS.  

In addition, their production was analysed at the biosynthesis level by the expression of 

mRNA of HS-3-O- sulfotransferase-1 and of HPSE mRNA by RT-PCR. Ishikawa tumor cells 

displayed a very low level of 3-O-ST-1 mRNA expression of 0.053 AU and a good level of 

HPSE mRNA expression with 115.63 (±38.42) AU (Figure 35B). EAhy-926 endothelial cells 

also showed low level of 3-O-ST-1 mRNA with a value of 0.328 AU and a medium level of 

HPSE mRNA expression with 47.56 (±70.21) AU (Figure 35B). It is well characterized that 

tumor cells exhibit higher level of HPSE. 

These data show that both Ishikawa and EAhy-926 cells express and produce aHSPG and 

HPSE thus allowing their manipulationfor our purposes. 

Inhibitors MW (g/mol) Sulfate 
content (%) 

Effect on 4MUS activity Effect on Endosulfatase activity 

A5 34 000 0 Activation - 
A5_3 5 100 17 Inhibition at 10µg/mL Inhibition at 1µg/mL 
A5_4 8 000 36 Inhibition at 1µg/mL Inhibition at 1µg/mL 

A6 16 000 30 Inhibition at 1µg/mL - 
A8 15 000 45 Inhibition at 10µg/mL - 

Table 5. Summary table of anti- arylsulfatase and 6-O-endosulfatase activity of IFREMER HS 

mimetics. 

Except for A5 product, all IFREMER HS mimetics have been shown to be potent inhibitors of both 

arylsulfatase and 6-O-endosulfatase activity of Sulfs between 1 to 10 µg/mL. 
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3.3 Effect of treatment on aHS turnover. 

Ishikawa and EAhy-926 cells were treated with HS derivatives and the effect on aHS 

turnover was analysed by measuring aHS release in conditioned media by ligand-binding assay. 

Both endothelial and endometrial tumor cell line gave strong positive signals for the soluble 

form of aHSPGs in culture media comparing to our positive control LTA cell line (Figure 36A). 

These results demonstrate that the cells release soluble forms of aHSPGs in the extracellular 

environment. Dot-blot with 100µg/ml UFH 100µg/ml LMWH and 100µg/ml DxS proved the 

specificity of our antithrombin to bind to the 3-O sulfated pentasaccharide which is a common 

biding site for aHSPG and heparin (Figure 36B). We then tested the effect of the inhibitor A6 

from IFREMER on aHSPG release in conditioned media of Ishikawa tumor cells and human 

endothelial cells after 24 hours of incubation. Under 100µg/ml A6 inhibitor, the amount of 

extracellular aHSPG increase visibly compared to non-treated cells (Figure 36A). Compound 

A6 seems to induce a turnover where endogenous aHSPG are released into their extracellular 

form.  

The possible mechanism is that HPSE inhibitors prevent cleavage of aHS from aHSPG and 

thus suppresse intracellular catabolism of aHS fragments. This leads to accumulation of 

membrane bound aHSPG and shedding of soluble form in the extracellular space by proteases. 

 
Figure 35. Characterization of in vitro model cells lines for aHS and HPSE. 

A:  Images showing the labelling for aHS expression (left) and the immunostaining  for HPSE expression 

(middle) on Ishikawa and Eahy-926 monolayers mounted on coverslips. Both cell lines express HPSE and aHS.  

Negative controls were incubated with BSA buffer. B: Synthesis of HS-3-O- sulfotransferase-1 (top) and HPSE 

(bottom) was evaluated by RT-PCR. Ishikawa show a 0.053 AU level of 3-O-ST-1 mRNA and 115.63 (±38.42) 

AU level of HPSE mRNA. EAhy-926 show 0.328 AU level of 3-O-ST-1 mRNA and 47.56 (±70.21) AU level 

of HPSE mRNA.  Positive LTA cells are derived from mouse 929 fibroblastic L cells and were used as positive 

control. LTA-related LA9 line is devoid of aHS.  
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Yang et al. observed that removal of HS from the cell surface using bacterial heparitinase 

dramatically accelerated Sdc-1 shedding, suggesting that the effects of HPSE on Sdc-1 

expression by tumor cells may be due, at least in part, to enzymatic removal or reduction in the 

size of HS chains [232]. This suggests that, in absence of HPSE activity, cells attempt to 

maintain a normal level of Sdc-1 on the cell surface by increasing the rate of shedding. 

 

3.4 The effect of GAGs and heparin derivatives on tumorigenesis-related processes. 

Tumor progression is the third and last phase in tumor development after tumor initiation 

and tumor promotion. This phase is first characterised by a multi-step process beginning with 

changes in cancer cells to undergo clonal growth or proliferation, followed by individual cell 

migration and invasion by which tumor cells overcome barriers of the ECM and spread into 

surrounding tissues. Cell proliferation, invasion, and migration were investigated in this study. 

3.4.1 HS mimetics’ effect on tumor cell proliferation and cell viability. 

The level of cell proliferation was measured by counting the number of cells obtained after 

72h compared to initial number of cells seeded on the well. A6 compound significantly 

decreased cell proliferation on tumor and endothelial cells. After 72h incubation, Ishikawa cells 

have 9.48 (±0.59) times more cells in control well while we only observe 4.43 (±0.93) times 

more cells in A6 treated well (Figure 37A). A6 inhibitor also decreased the final number of 

EAhy-926 after 72h with 2.36 (±0.12) times more cells in A6 treated well compared to 3.83 

(±0.56) times more cells in control well (Figure 37A). We observe a 52.97% decrease in cell 

proliferation in Ishiwaka cell line and of 37.28% in EAhy-926 cell line when treated with the 

drug (Figure 37B). The cell proliferation response to A6 inhibitor was dose-dependent with a 

maximum of inhibition observed at 75µg/ml followed by a plateau (Figure 37C). A 

concentration of  25µg/ml of A6 gives already a very good reduction in cell proliferation with 

 
Figure 36. A6 inhibitor effect on aHSPG release on conditioned media. 

A: Under 100µg/ml of A6, cells modify the turnover of aHSPG by increasing their release into the conditioned 

media in both Ishikawa and Eahy-926.  Since nitrocellulose membranes used in the assay binds only 

proteoglycans and not glycosaminoglycans, the A6 inhibitor did not bind to the membrane. B: To ensure the 

specificity of aHSPG binding-AT a competition assay was done by co-incubation of AT-b with UFH and 

LMWH at a concentration of 100µg/ml that share the same AT binding site with aHS. DxS was used as negative 

control.  

a
b

A6

Ishikawa A6

Ishikawa A6

A6

DxS
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an inhibition of 41.39% (±13.06) compared to untreated control suggesting that treatments with 

A6 compound could be used at low concentration, reducing possible side effects. Heparin 

derivatives seems to have stronger effect on tumor cells. We have seen in 3.2 that tumor cells 

express and produce larger amount of HPSE suggesting an important role of HPSE on their 

metabolism. Thus, inhibition of HPSE on tumor cells has a bigger impact on tumor metabolism 

including cell proliferation.  

Cell toxycity was also evaluated by analysing the effect of A6 coumpond on cell viability. 

The number of dead cells does not increase after 72h of incubation with 100µg/ml A6. In 

Ishikawa cells, only 5.33% (± 0.40) of dead cell was counted under A6 treatment compared to 

5.30 (±0.56) in control conditions. We also counted 6.57% (±0.35) dead cells in A6 treated vs 

6.20% (±0.30) in non-treated EAhy-926 cells (Figure 37D). These data suggest that A6 

coumpound exerted an anti-proliferative activity without a proapoptotic activity suggesting 

global safety for use. 

 

3.4.2 The effect of HS and heparin mimetics on tumor cell migration. 

A large screening of heparin, GAGs and HS derivatives was performed on migration 

analysis. This screening will allow us to analyze the main characteristics of sulfated GAGs that 

are implicated in the anti-tumoral activity. 

 

 
Figure 37. A6 HS mimetic effect on tumor cell proliferation and cell viability. 

A: Images showing reduced number of cell on cell monolayer after 72h of A6 treatment at a concentration of 

100µg/ml compared to normal proliferation profile. B: Quantification of cell proliferation under A6 100µg/ml 

compared to non treated cells. Ishikawa and EAhy-926 proliferation are reduced by 52.97% and 37.28% 

respectively. C: Cell proliferation response to A6 inhibitor was dose-dependent with a maximum of inhibition 

observed at 75µg/ml followed by a plateau. D: Evaluation of cell viability shows that A6 inhibitor does not 

increase cell death in both cell lines. ****, p-value≤0.0001. 
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3.4.2.1. The effect of Heparin and GAGs on cell migration analysis in 2D wound closure 

assay 

The migratory potential of Ishikawa cell line was evaluated in 2D wound closure assay. 

The cells were treated with highly sulfated GAG drugs including heparin. After 20 hours, 

Ishikawa cells started to show visible cell migration and showed a good response to treatments. 

Ishikawa cell line reached 50% of gap closure in 120 hours with a cell front velocity of 

3.098µm/h (±0.002). 

UFH induced a slight slowdown in gap closure speed decreased by 11.62% and 18.06% 

with concentrations of 50µg/ml and 100µg/ml, respectively, compared to non-treated cells 

(Figure 38A-C). The cell front velocity was slower with 2.738µm/h (±0.219) and 2.539µm/h 

(±0.237) for UFH at 50µg/ml and 100µg/ml compared to the control group 3.098µm/h (±0.003) 

(Figure 38B). Lower concentrations of heparin did not affect gap closure speed. At 100µg/ml 

concentration, LMWH (Clexane) slow down the gap closure speed by 15.89% with a cell front 

velocity value of 2.606µm/h (±0.132) (Figure 38B). 

HMW DxS gave the most effective slowdown reaching 42.93% of gap closure speed at 

concentration 100µg/ml with a cell front velocity of 1.768µm/h (±0.047) (Figure 38A-C). The 

inhibition of Ishikawa cells migration by DxS shows that it is not mediated through AT-aHS 

interactions, since DxS does not compete with aHS for AT-binding. However, higher 

concentration of HMW DxS reduced the efficacy with an inhibition of 25.53% (Figure 38B). 

Nearly identical migration distance curve to control were obtained for LMW DxS 5000 Da at 

100µg/ml (Figure 38C). The fact that only HMW DxS inhibits cell migration, while LMW DxS 

has no effect underlines the charge density effect of DxS, which is highly sulfated and thus 

negatively charged, with about 2 negative charges per monosaccharide. 

CS ABC also slowed gap closure speed at 200µg/ml by 17.82% with a cell front velocity 

of 2.546µm/h (±0.457) (Figure 38B). In order to determine whether this effect was attributed 

to CS AC or DS, both compounds were incubated independently. DS alone slowed by 18.61% 

compared to 2.89% for CS AC in the same 200 µg/ml concentrations with respective cell front 

velocity of 2.522µm/h (±0.292) and 3.009µm/h (±0.033) (Figure 38B, C). Thus, DS is 

responsible of the slowdown in CS ABC complex. 
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3.4.2.2. Cell migration analysis in 2D wound closure assay: the effect of HS derivatives. 

Ishikawa cells were then treated with heparin derivatives. After 6 hours, cells started to 

show visible cell migration and a good response to treatments. Ishikawa cell line reached 50% 

of gap closure in 30 hours with a cell front velocity of 7.88µm/h (±1.34). The difference in the 

timing compared to the previous experiment is due to shorter gap of ibidi inserts used in this 

second part (Figure 39A). All the inhibitors from IFREMER induced a slight slowdown in gap 

closure speed (Figure 39B). The most significant ones were A6 and A8 with respective 

slowdown 52.62% and 28.09% at a concentration 100µg/ml compared to non-treated cells, 

with a cell front velocity of 3.89 (±1.74) and 5.69 (±1.81) with A6 and A8 (Figure 39B,C). 

 
Figure 38. Heparin and GAGs effects on Ishikawa cell migration. 

A:  Tumor cells were scratched with a pipette tip and then treated with heparin and DxS.  The cells migrated 

into wound surface and the average surface of migrating cells was determined by phase-contrast microscopy 

(magnification, x20). B: Cell front velocity in µm/hour of the Ishikawa cell line under the different treatments 

(top). % of slowdown from velocities of each treatment compared to control group (bottom).  A mean of 4 

experiments is represented. C: Migration distances of Ishikawa cells under each treatment of a representative 

experiment. .*, p-value≤0.05; **, p-value≤0.01. 
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These two inhibitors have the particularity to be highly sulfated with a percentage of 30% 

for A6 and 45% for A8. The second group of HPSE inhibitors is from Ronzoni Institute. All 

the inhibitors from Ronzoni induced a non-significant slowdown in gap closure speed with an 

average of 17% compared to non-treated cells (Figure 39B). We didn’t see any differences in 

 
Figure 39.  Heparin derivatives and HS mimetics effects on Ishikawa cell migration 

A:  The gap on the wound was performed by removing the ibidi insert from tumor cell monolayer and various 

treatments were administrated. A5_3, A5_4 and A6 inhibitors effect on gap closure after 35h was illustrated 

by phase-contrast microscopy (magnification, x20). B: Cell front velocity in µm/hour of the Ishikawa cell line 

under the different treatments (top). % of slowdown from velocities of each treatment compared to control 

group (bottom). A mean of 4 experiments is represented. C: Migration distances of Ishikawa cells under each 

treatment of a representative experiment. *, p-value≤0.05; **, p-value≤0.01; ***, p-value≤0.001; ****, p-

value≤0.0001. 
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the wound closure speed between the different compounds (Figure 39B, C). We have found 

that higher inhibition was attributed to compounds with high sulfation such as UFH, HMW 

DxS A8 and A6 compounds. N-acetylation of glycol-split heparin did not increase the 

inhibitory activity and did not show a better anti-migrative activity on our tumor cells, as indeed 

it reduces the sulfation degree. Derivatives even surpassed control heparin and displayed a 

potent anti-migration activity. 

3.4.3 The effect of Heparin derivatives on tumor cell invasion. 

The capacity of cells to degrade an ECM-like tridimensional collagen gel and to change 

their shape to pass through a porous membrane was used as a measure of tumor cell invasion 

to test the effect of A6 HS derivative and of UFH on tumor cells invasiveness. 

After 72h, 387.6 (±39.63) invasive cells/ field had migrated to the lower side of the 

membrane towards the FBS-rich medium in the lower compartment (Figure 40A, B). To ensure 

the robustness of the experimental procedure, a negative control condition where the medium 

with low FBS was the same in both compartments was adopted. Almost no cell invasion was 

measured in this condition with a mean of invaded cells/field of 5.2 (±2.28) (Figure 40C). As 

positive control condition, the tumour cells were placed directly on the porous membrane of 

Transwell without matrigel so the cells had no physical barrier to invade. A mean of invaded 

cells/field of 525.0 (±37.52) was counted (Figure 40C). These results show that in these 

conditions only 26.17% of Ishikawa cells are blocked by the matrigel barrier, and that Ishikawa 

tumor cells provide a good in vitro model for invasion. 

Thereby, the anti-tumoral effect of UFH and A6 HS derivative was assesed. We counted a 

mean of invaded cells/field of 49.80 (±10.55), 90.50 (±15.50) and 110.8 (±30.06) on 100µg/ml 

A6, 100 and 50µg/ml UFH respectively (Figure 40B). HPSE inhibitor and GAG treatment 

inhibit significantly tumor cell invasion compared to controls, and lower concentration tested 

showed similar effect. A6 also inhibts significantly the extravasion of tumour cells inside the 

porous membrane on control wells, without matrigel (Figure 40C). A6 compound is a potent 

inhibitor of both mechanisms of cell invasion: degradation of the ECM-like collagen gel and 

cytoskeleton change of the structural shape of the cell for migration through the pores. Theses 

results suggest that preservation of HS degradation inhibits tumor cell invasion. 
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3.5 The effect of GAGs and heparin derivatives on tumor induced angiogenesis. 

3.5.1 Tumor cells effects on endothelial cell tube formation. 

To evaluate the influence of tumor cells on angiogenesis, we carried out a tube formation 

assay on a gelled basement matrix. When cultivated on it, EAhy-926 cells form tube-like 

structures that originate from cells that appear elongated and that connect each other to form a 

cell-cell network. Angiogenesis occurs spontaneously. Supplementation with 18 ng/ml VEGF 

didn’t increase the angiogenic score. On the contrary, we observe even less number of branches 

with an angiogenic score of 62.5% (±47.87) compared to 100% in control cells (Figure 41A). 

In Figure 41B, EAhy-926 cells were co-cultured with Ishikawa cells at the same density or 

were incubated with 24h conditioned media from Ishikawa cells cultured with and without a 

 
Figure 40.  Heparin derivatives effects on tumor cell invasion 

A:  Representative images of the invasion assay in Ishikawa cells under A6 HS derivative and UFH. B: 

Comparisons of the cell counts of invaded cells in different treatments. C: Effect of A6 HS derivative on cell 

extravasation through the porous membrane without invasion of the matrigel proving both effects on both 

mechanisms of invasion:  extravasation and degradation of the matrigel. *, p-value≤0.05; **, p-value≤0.01; 

****, p-value≤0.0001. 
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matrigel matrix. We can see that conditioned media of tumour cells significantly increase the 

number of EAhy-926 branches. Indeed, we observe an increase of 56.6 % of branches when 

the endothelial cells are incubated with 24h Ishikawa cells conditioned media, with an 

angiogenic index of 156.6% (±43.51) compared to 100% when EAhy-926 cells are seeded 

alone (Figure 41B). However, the angiogenic index of EAhy-926 co-cultured with Ishikawa 

cells is much lower (16.67% ±28.87). This decrease can be justified by a space limiting factor 

as Ishikawa cells limit the space available for EAhy-926 to form cell-cell junctions. This result 

suggests that tumour cells can stimulate endothelial cell tube formation at distance without cell-

cell interaction by releasing angiogenic molecules in the environment. To further analyse the 

origin of these angiogenic molecules, we assessed whether they could derive from degradation 

of the matrigel matrix or be delivered by the tumour cells themselves. We compared the effect 

of the conditioned media of Ishikawa cultured for 24h with and without a matrigel matrix 

(Figure 41B). We found that matrigel did not affect the growth of EAhy-926 branches. This 

result suggests that there is no accumulation of factors from the matrigel degradation. We can 

conclude that the activation of endothelial cells is due to a direct release by tumor cells of 

molecules that stimulate endothelial cell tube formation. 

 

3.5.2 The effect of HPSE inhibitors on spontaneous endothelial cell tube formation and 

tumor induced angiogenesis. 

We next evaluated the influence of HPSE inhibitors on tumour-induced angiogenesis by 

incubating EAhy-926 cells with different heparin analogues. In Figure 42A, we show that the 

angiogenesis induced by the MC of Ishikawa cells is significantly reduced when the MC is 

treated with HPSE inhibitors. We observe a mitotic index of 66.67% (±29.29), 75.67% 

(±25.63) and 58.66% (±8.08) when the MC of Ishikawa is treated with A6, UFH and A5-3 

respectively compared to a mitotic index of 156.6% (±43.51) without treatments (Figure 42A). 

 
Figure 41. Tumor cells effects on endothelial cell tube formation 

A: Representative images of cell tube formation and quantification of number of branches with and without 

VEGF supplementation. B: Ishikawa conditioned media and Ishikawa co-culture effects on endothelial cell 

tube formation. *, p-value≤0.05; **, p-value≤0.01; ****, p-value≤0.0001. 
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The angiogenic score of EAhy-926 treated with 100 µg/mL UFH (liquemin), A6 and A5-

3, without Ishikawa CM, is 54.33% (±23.79), 43.33% (±51.32) and 36.00% (±37.59), 

respectively, compared to 100% of control (Figure 42A). However, this inhibition is not 

statistically significant and suggests that spontaneous angiogenesis in EAhy-926 is less 

mediated through HPSE catabolic activity but through homeostatic processes including 

physiological HS-VEGF signalling. In addition, we have proven at the biosynthetic level that 

EAhy-926 cells produce less HPSE mRNA compared to tumor cells. 

We further evaluated the action of heparin derivatives by directly treating tumour cells 

before collecting the CM (Figure 42B). We have found that when we incubate EAhy-926 with 

this ‘treated’ CM from Ishikawa cells, inhibition of cell tube formation is more effective. It can 

be explained by a possible effect of the inhibitor on HPSE production and release or it can be 

explained by a better inhibition of already released HPSE due to longer exposure to treatment. 

Further investigations should be made as today there are no evidences in litterature on the effect 

of HS mimetics on HPSE expression or secretion, but only on its activity. In Figure 43, we can 

see that A6 induces a strong decrease of HPSE expression on tumor cells but does not seems 

to affect HPSE expression on endothelial cells. This observation supports the fact that 24h 

incubation of HS mimetics on tumour cells has more impact on HPSE expression on tumor 

cells and thus inhibits more cell tube formation. 

 
Figure 42.  Effect of heparin and HPSE inhibitors on spontaneous and tumor-induced 

endothelial cell tube formation 

A: Effect of Heparin and A6 on endothelial cell tube formation. A6 and heparin significantly reduced tumor 

CM-induced angiogenesis. B: A6 treatment on either Ishikawa or EAhy-926 on endothelial cell tube formation. 

.*, p-value≤0.05; **, p-value≤0.01; ***, p-value≤0.001. 
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3.5.3 Heparin derivatives maintain cell tube structure over time. 

To evaluate the stability of HS derivatives on EAhy-926 cells tube formation inhibition and 

to have an idea on their turnover, we have incubated EAhy-926 cells with Ishikawa MC and 

A6 inhibitor beyond 24h, up to 48h (Figure 44). Interestingly, the endothelial cells seeded alone 

giving spontaneous angiogenesis loss their branched structures. The branches which were 

composed of one to two layers of cells at 24h have undergone strong cell proliferation reaching 

a monolayer. EAhy-926 cells that were incubated with 24h Ishikawa conditioned media, 

however, maintained cell tubes architecture and exhibited moderate proliferation with thicker 

branches. This result suggests that tumour cells maintain tube formation over time. When 

100µg/mL A6 is added, EAhy-926 cells exhibit the same structure of branches as 24h without 

increase of tube formation or cell proliferation. The HPSE inhibitor seems to freeze cell 

proliferation and maintains cell tube formation over time without evolution of the structure. 

 
Figure 43. HPSE expression is influenced by treatment with HS mimetics. 

Images showing the immunostaining for HPSE expression on Ishikawa monolayers. Interestingly, 24h of 

incubation with A6 induced an inhibition of HPSE expression on tumor cells.  Negative controls were incubated 

with BSA buffer. 
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4. ADDITIONAL EXPERIMENTS 

 

4.1. Verification of migration rather than proliferation. 

4.1.1. The mitotic index of migrating cells. 

To elucidate whether the gap reduction during the wound closure assay was due to cell 

proliferating in the gap we performed a BrdU incorporation assay on Ishikawa tumor cells. We 

observed that 16.42% (±5.32) of Ishikawa cells in the gap of the migration assay are positive 

for BrdU reflecting active proliferation (Figure 45A). This percentage is considered as low and 

not majoritary. Measurement of proliferative cells on other fields of the monolayer distant from 

the gap showed similar percentage of cell proliferation with 17.56 (±8.59) (Figure 45A). Cell 

proliferation is a process implicated in the gap closure but negligible in the measure of 

migration. This percentage confirms that the results measured in the wound closure assay are 

predominantly due to migration. 

4.1.2. ɣ- and β- cytoplasmic actin expression analysis of migrating cells. 

Active migration in the tumor core is driven by the actin cytoskeleton. Actins are an 

essential component of the cytoskeleton, with critical roles in a wide range of cellular 

processes, including cell migration, cell division, and the regulation of gene expression. These 

functions are attributed to the ability of actin to form filaments that can rapidly assemble and 

disassemble according to the needs of the cell. Immunohistochemistry showed that Ɣ-actin is 

mainly organized as a meshwork in cortical and lamellipodial structures while β-actin is 

preferentially localized in stress fibers (Figure 45B). Actins are well known cell motility 

markers and hallmark of migration in wound healing, confirming that cells perform migration 

 
Figure 44.  Effect of A6 on cell tube structure over time 

Images showing the labelling endothelial cell tube structure of Eahy-926 alone, with Ishikawa CM and A6 

inhibitor. Both cell lines express HPSE and aHS. Tumor conditioned media maintains cell tube formation over 

time with the increase of branche thickness. HPSE inhibitor seems to freeze cell proliferation and stagnate cell 

tube formation over time. 
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through the gap and not through replication. Morphologically, cell migration involving cell 

polarization, lamellipodia extension, and trailing edge retraction was observed in all treatments 

and group control. 

 

5. DISCUSSION 

The study of cell migration and invasion in cancer research is of particular interest as the 

main cause of death in cancer patients is related to metastatic progression. The ability of an EC 

cell to undergo migration and invasion allows it to change position within the endometrium 

and enter gradually in myometrium and lymphatic and blood vessels for dissemination into the 

circulation, and to then undergo metastatic growth in distant organs. Cancer therapeutics that 

are designed to target adhesion receptors or proteases have not proven to be effective in slowing 

tumor progression in clinical trials, this might be due to the fact that cancer cells can modify 

their migration mechanisms in response to different conditions [233]. 

To spread within the tissues, tumor cells use broad spectrum migration mechanisms that 

are similar to those that occur in normal, non-neoplastic cells during physiological processes 

such as embryonic morphogenesis, would healing and immune cell trafficking [233-235]. 

However, changes in the signaling pathways directing its regulation can lead to the pathological 

processes of tumor cell invasion and metastasis [236]. GAGs can act as a physical and 

biochemical barrier, creating specific microenvironments around cells [13]. The strategy of 

tumor cells to bypass this barrier and to induce signalling pathways activation will be to 

degrade TME and cell surface GAG chains in order to release bioactive molecules.  

In order for cancer to spread and disseminate throughout the body, cancer cells must 

migrate through ECM, intravasate into blood circulation, attach to a distant site, and finally 

extravasate to form distant foci [237]. It has been shown on vast array of studies that HPSE is 

 
Figure 45. Verification of migration rather than proliferation 

A:  Evaluation of the mitotic index of migrating cells inside the gap and in the monolayer. No increase of cell 

proliferation was observable in the migrative cells in the gap compared to the monolayer. B: ɣ- and β- 

cytoplasmic actin expression on migrating cells highlight cell polarization and lamellipodia extension. 

Together, these analysis  confirm that cells perform migration through the gap and not through replication 
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upregulated in cancer cells and their production is shifted to an extracellular form to modulate 

ECM by modifying the glycosidic chains of the ECM under enzymatic degradation liberating 

numerous grow factors implicated in tumour spread [134]. In EC, tumour glands are 

characterized by increased expression of HPSE and an extensive downregulation of aHS in the 

cases of the most invasive glands. Those cases, characterized with an aggressive phenotype, 

display also a strong reduction of aHS expression in capillaries of the tumor micro-environment 

associated with an increasing blood proliferation index.  

We hypothesised that if we could manage to reduce aHS degradation induced by HPSE, 

the invasion and tumoral angiogenesis will be inhibited. To inhibit HPSE activity, we used HS 

derivatives as mimetic substrate. HPSE will preferentially bind to those compounds instead of 

endogenous HS thus preserving endogenous HS.  

This study aimed at screening anti-tumor lead compounds targeting HS turnover by 

inhibiting HPSE activity and to evaluate the cellular mechanisms of aHS regulation in tumour 

cell proliferation, migration, invasion and angiogenesis. 

These compounds share similar structure to HS in order to maintain their binding selectivity 

potential towards proteins and their ability to sequestrate tumorigenic and angiogenic factors. 

Particularly, the chosen sulfated GAGs and heparin derivatives used are mostly able to interact 

with HS-bindign proteins and some show anti-HPSE activity. The biological activity of GAGs 

depends on several properties, such as molecular weight, monosaccharide constituents, and 

bonds between the disaccharide repeating units. Among these properties, negative charge, 

which is intrinsic to all GAGs, is paramount and is generally associated with the presence of 

sulfate groups, although also carboxyl groups contribute to a minor extent. A large screening 

of these compounds with diverse structural features including polysaccharide size, degree and 

pattern of sulfation, anticoagulant activity, N-acetylation of hexosamines and glycol-splitting 

of uronic acid was performed in comparison with standard heparin.  
 

Heparin and HS are sulfated glycosaminoglycans that are produced by the same 

biosynthetic steps [238]. In vitro experimental evidence demonstrated that heparin and the HS 

derivatives were strongly effective drugs against tumour cell migration and slowed the gap 

closure speed with respective values of -18.06% and -52.62% on a concentration 100µg/ml 

compared to non-treated cells. Our resulted showed that the anti-migratory action of the 

compounds was associated with sulfation rate [239, 240]. Changes in the degree of sulfation 

and/or the pattern of GAGs including CSs and HSs are associated with breast [241, 242], 

ovarian [243, 244], colorectal [245], prostate [246, 247], and gastric [248] cancers, among 

others. In most cases, these changes have been proposed as cancer biomarkers [249].  

Our most effective HS derivative, A6, was further selected for 3D-invasion and 

proliferation assay. This HPSE inhibitor displayed remarkable inhibition of tumor cell 

invasion. We counted a mean of 49.50 (±10.55) of invasive cells/field with 100µg/ml A6 

compared to 387.6 (±39.63) invasive cells/ field in control. A6 also decreased Ishikawa tumor 

cell proliferation in a dose-dependent manner starting from 25µg/ml. A6 displayed a 

antiproliferative, antimigration and antiinvasive activities without proapoptotic activity 

suggesting a global safety for use. Endothelial cells tubes formation was increased by 56.6% 



94 
 

 

when incubated with 24h CM from Ishikawa cells, highlighting the fact that tumor cells 

stimulate endothelial cell tube formation at distance without cell-cell interaction. Indeed, in the 

previous study on EC, large aHS negative halo on blood vessels was seen reaching more than 

400µm from tumor front. The TME of these cases was characterized by strong increase of 

endothelial proliferation suggesting a tumor-TME cross-talk. Inhibitor A6 significantly 

decreased the number of branches induced by the CM of Ishikawa cells as well as endothelial 

cell proliferation on branches over time, suggesting that the pro-angiogenic molecules released 

by tumor cells can be trapped by the drug.  

Since many processes are affected, the molecular mechanism underlying these molecules 

is quite complex and have not been fully defined, a consequence of the pleiotropic effects 

diplaied by HS. Here we suggest three possible mechanisms of action. The anti-cancer potential 

of HS derivatives is due to their ability: (1) to inhibit HPSE activity, an indirect action in which 

inhibition of HS degradation will inhibit the release of pro-tumorigenic molecules; (2) to bind 

to free pro-tumorigenic molecules such as GFs, a more direct action; and (3) to induce a 

turnover in which endogenous HSPGs are released from the cells to the TME to trap free pro-

tumorigenic molecules. Indeed, these mimetics are rationally designed to increase potency and 

binding selectivity towards specific proteins involved in disease manifestations [229]. 

aHS turnover was analysed in this study. We observed that under 100µg/ml A6 treatment, 

the amount of extracellular aHSPGs increased in the conditioned media of tumor cells. The 

first obligatory step in HS degradation is the cleavage in smaller fragments by the 

endoglycosidase HPSE. Since intracellular degradation of HS requires HPSE cleavage, in the 

absence of full HPSE activity, HSPG should be preferentially recycled to the cell surface where 

they can be shed in soluble form in the extracellular space by proteases or directly released in 

the extracellular compartment via exosomes thus catching pro-angiogenic molecules, such as 

fibroblast growth factors (FGFs) and vascular endothelial growth factor (VEGF), and inhibiting 

cell tube formation. It has been found that soluble HSPGs and heparin promoted differentiation 

in neuroblastoma and decreased proliferation through FGFR1 and ERK phosphorylation [149]. 

Surface and soluble Sdc-1 have opposing actions on EMT signalling. 

In addition to that, HPSE released by tumor cells are trapped by the compound thus 

inhibiting degradation of the glycosidic chains and endogenous heparin/HS content presents 

on the cell surface and in the ECM. As the matrigel matrix is essentially being composed of 

glycoproteins, the barrier will therefore not be degraded and the cells will not be able to cross 

and pass through the porous membrane of the Transwell and thus inhibiting tumoral invasion. 

In addition, by limiting HS degradation, the HS derivatives maintain the sequestration of 

numerous grow factors thus inhibiting the activation of pathways implicated in mitotic 

activation, migration and angiogenesis. Indeed, HPSE have been shown to promote signal 

transduction, including Akt, STAT, Src, Erk, HGF-, IGF- and EGF-receptor signaling [131]. 

Moreover, HPSE regulates the transcription of many other factors spanning from 

proangiogenic (i.e., VEGF-A, VEGF-C, COX-2, and MMP-9), to pro-inflammatory (i.e., 

TNFα, IL-1, and IL-6) and mitogenic (i.e., HGF) factors [250]. A recent study showed that 

supersulfated low-molecular weight heparins reduce synovial sarcoma growth and metastases 

in vitro and in vivo by interfering with the activity of HPSE, GF/receptor axes and 
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proinflammatory molecules [251]. In addition,  inhibition of angiogenesis by HS derivatives 

have been shown to be mediated through heparin which act as ligands for P-selectin, thereby 

blocking binding of P-selectin to its natural and tumor mucin ligands [252]. 

And finally, GAGs analysis revealed that in addition to HPSE inhibition by heparin/HS 

mimetics through specific binding, GAGs can also inhibit side effects of HPSE, by acting 

primarily on GFs and chemokines, without direct interaction with HPSE. Indeed, the anti-

migration potential of DS suggests that GAGs treatments can potentially trap available 

bioactive molecules released in the conditioned media to reduce cell-cell signaling, signal 

transduction activation and migratory potential of tumor cells since no binding of DS with 

HPSE have been described. 

Collectively, these results confirmed our working hypothesis that inhibition of aHS 

degradation through HS mimetics correlates with inhibition of tumorigenesis-related processes 

including tumor cell proliferation, migration, invasion and angiogenesis. HS mimetics play a 

protective role to prevent pathological tissue remodeling. Such molecules could be interesting 

as new therapeutic tool to treat, in addition to the standard of care, highly invasive EC patients 

that have higher risk of metastatization, had relapsed or were refractory to standard therapy 

.This analysis focused on evaluation of HS derivatives in our cancer model and gave ideas on 

the mechanisms beneath. A deeper analysis of mechanisms and underlying pathways should 

be investigated to complement this study. 

6. MATERIAL & METHODS 

Cell culture 

The Ishikawa human endometrial carcinoma cell line is a well-differentiated epithelial-like 

morphology cell line derived from primary tumor characterized by PTEN mutation without 

mutation in p53, a signature of early grade EC. Ishikawa cells were grown in Dulbecco’s 

modified Eagle medium (DMEM) (Sigma-Aldrich, USA) supplemented with 10% fetal bovine 

serum (FBS, Gibco Life Technologies, USA) and 1% penicillin-streptomycin at 37°C and 5% 

CO2. 

Angiogenesis analysis was performed using the Eahy-926 human endothelial cell line. The 

cells were derived from the fusion of Human umbilical vessel endothelial cells (HUVECs) with 

the immortal human lung carcinoma cell line thioguanine-resistant clone of A549. EA.hy926 

cells were grown in F12 supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C 

in 5% CO2 atmosphere. EA.hy926 hybrid clones were selected in 1% supplemented HAT 

medium. 

Anti-heparanase activity of the glycans 

The anti-HPSE activity was performed by Jin-ping Li (Uppsala, Sweden) in term of a 

collaboration. HPSE enzymatic activity was determined using a time-resolved fluorescence 

energy transfer-based (TR-FRET–based) assay (Cisbio). All compounds were dissolved and 

diluted to different concentration using sample buffer (50 mM Tris-HCl pH 7.4, 0.15 M NaCl, 

0.1% protease free BSA, 0.1% CHAPS). 3 ul of compound solution or sample buffer (as a 
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control) and 7 ul semi-purified HPSE solution or sample buffer (as a blank) were added into 

384-well low volume microplate. After 10 min pre-incubation at 37°, an enzyme reaction was 

initiated by adding 5 ul Biotin-HS-Eu (K) (4.2 ng in 0.2 M Acetate buffer pH 5.5) to each well, 

and the plate was incubated for 30 min at 37°. To stop the enzyme reaction and detect the 

remaining substrate, 5 ul streptavidin-d2 (12 ng in 62.5 mM Hepes pH 7.4, 0.8 M KF, 0.1% 

protease free BSA, 2 mg/ml heparin) were added into each well. After 15 min incubation at 

RT, the HTRF signal was measured by POLARstar OMEGA reader using the following setup: 

excitation filter 337 nm, emission filters 620 nm and 665 nm. Each reaction was run in 

triplicate.  

Anti-Sulf activity of the glycans analysis 

The anti-sulf activity of HS mimetics was done by Romain Vivès in the term of 

collaboration (Univ. Grenoble Alpes, CNRS, CEA) under the following procedures: 

Aryl-sulfatase assay 

Arylsulfatase activity of recombinant WT and mutant HSulf-2 was assessed using the 

fluorigenic pseudo-substrate 4-methyl umbelliferyl sulfate (4-MUS), as described previously 

[253]. Briefly, 0.01 to 100µg/ml of HS mimetics were incubated with 2 µg of HSulf2-WT for 

20 min, then 20mM 4-MUS was added in 50 mM Tris 10 mM MgCl2, pH 7.5 for 2-4-24h at 

37 °C. Reaction was monitored by fluorescence measurement (excitation 355 nm, emission 

460 nm) [231]. 

Endosulfatase assay 

25µg of digested heparin was pre-incubated with 2 µg of HSulf2-WT for 20 min then the 

different HS mimetics were added in 50 µl of 50 mM Tris and 2.5 mM MgCl2, pH 7.5 for 4 h. 

The enzyme was inactivated by heating the sample at 100 °C for 5 min, then an aliquot of the 

digestion products (~ 1/10) was exhaustively degraded into disaccharides by incubation with  

heparinase I, II and III (Grampian enzymes, 10 mU each) in 100 mM sodium acetate, 0.5 mM 

CaCl2, pH 7.1 and for 48 h at 37 °C. Detection of products (IdoA2S-GlcNS) and substrates 

(IdoA2S-GlcNS,6S) was performed by RPIP-HPLC as previously described [84]. Samples 

were injected onto a Phenomenex Luna 5 µm C18 reversed phase column (4.6 × 300 mm, 

Phenomenex) equilibrated at 0.5 mL/min in 1.2 mM tetra-N-butylammonium hydrogen sulfate 

(TBA) and 8.5% acetonitrile, then resolved using a multi-step NaCl gradient (0–30 mM in 

1 min, 30–90 mM in 39 min, 90–228 mM in 2 min, 228 mM for 4 min, 228–300 mM in 2 min 

and 300 mM for 4 min) calibrated with HS disaccharide standards (Iduron). Post-column 

disaccharide derivatization was achieved by on-line addition of 2-cyanoacetamide (0.25%) in 

NaOH (0.5%) at a flow rate of 0.16 mL/min, followed by fluorescence detection (excitation 

346 nm, emission 410 nm). 

aHS expression analysis by Ligand-binding histochemical staining 

Ishikawa cells were grown on 0.1% gelatin coated glass coverslips until reaching 70% 

confluence. Cells were fixed with MeOH at -20°C for 5 min. aHS was detected in a ligand 

binding assay using biotinylated antithrombin (AT-b) as previously described. aHS was 

labelled with a Streptavidin-peroxidase HRP from DAKO (K5001), followed by 
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diaminobenzidin revelation and counterstained with hematoxylin . Wild type murine uterus 

was used as positive control tissue. Negative controls were incubated with BSA buffer without 

AT. 

HPSE expression analysis by immunohistochemistry 

Ishikawa cells were grown on 0.1% gelatin coated glass coverslips until reaching 70% 

confluence. Cells were fixed with MeOH at -20°C for 5 min. HPSE was detected using the 

monoclonal mouse anti-human HPSE antibody IgG1K Mab 130 (Chemie Brunschwig #INS-

26-1-0000-21) and was labelled with a second antibody coupled to peroxidase from 

Envision+System HRP anti-mouse (DAKO K40019), followed by diaminobenzidin revelation 

(DAB+). Histological  sections  of  first  and last trimester  human placental  villi, known to 

highly express HPSE, were  used  as  positive  control tissue. Negative controls were incubated 

with BSA buffer. 

Analysis of HS3ST1 mRNA expression 

To examine the expression of hs-3-O- sulfotransferase-1 (HS3ST1), key synthetic enzyme 

of aHS AT-binding pentasaccharide sequence, at the mRNA level, cDNA was synthesized 

from two µg of total RNA using the SuperScriptTM III First-Strand Synthesis System 

(Invitrogen, CA). The mRNA expression of HS3ST1 was analyzed using RT-PCR and 

quantitative real-time PCR (qRT-PCR). Quantitative real-time PCR was performed on a 

LightCycler® 480 Real-Time PCR System (Roche Applied Science). GAPDH was used as a 

reference gene, and the relative expression level was calculated using the ΔCT method (ΔCT= 

CT of GAPDH - CT of HS3ST1). The primers used were ALL-F (5′-

AGCTTCTGCGAAAGCGG -3′) and ALL-R (5′-GCCTTGTAGTCCACATTGAGC-3′) for 

human HPSE; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) R (5′-

TCCACCACCCTGTTGCTGT-3′) and GAPDH-F (5′-ACCACAGTCCATGCCATCAC -3′) 

for human GAPDH. PCR conditions for HS3ST1 included an initial denaturation of 3 minutes 

at 94 °C followed by 34 cycles of denaturation at 94 °C, annealing for 45sec at 58 °C, and 

extension for 45sec at 72 °C. PCR conditions for GAPDH included an initial denaturation of 3 

minutes at 94 °C followed by 24 cycles of denaturation at 94 °C, annealing for 45sec at 60 °C, 

and extension for 45sec at 72 °C.  

HPSE RNA Isolation and Reverse Transcription 

RNA was isolated with TRIzol reagent (Life Technologies, 15596-026), according to the 

manufacturer's instructions, and quantified by spectrophotometry. After oligo(dT)-primed 

reverse transcription of 500 ng of total RNA, the resulting single-stranded cDNA was amplified 

using Hot Start Taq polymerase and buffer (TAKARA BIO INC, RR037A). The primers used 

were ALL-F (5′-GTCCTGACATCGGTCAGCCT -3′) and ALL-R (5′-

CACATAAAGCCAGCWGCAAA-3′) for human HPSE; glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) R (5′-CCATCCACAGTCTTCTGGGT-3′) and GAPDH-F (5′-

ATCACCATCTTCCAGGAGCG -3′) for human GAPDH. PCR conditions included an initial 

denaturation of 4 minutes at 94 °C followed by 30 cycles of denaturation at 56 °C, annealing 

for1 minute at 60 °C, and extension for 1 minute at 56 °C. Aliquots (6 μL) of the amplification 

products were separated by electrophoresis through a 2% agarose gel and visualized by Sybr 
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green staining. The intensity of each band was quantified using ImageJ software. Only RNA 

samples that gave completely negative results in PCR without reverse transcriptase were used 

to rule out the presence of genomic DNA contamination. 

Conditioned media (CM) collection 

Cells are plated in t25 cell culture flask. When the cells are post-confluent, cells are washed 

with PBS 1X and 10 mL of DMEM low glucose (+ 100 μg/mL of acid treated BSA) were 

added. After 24H, conditioned media is collected. The conditioned media is centrifuged at 

600 rcf for 5 minutes in order to remove cell debris. 

Soluble aHSPG analysis by Ligand-binding assay 

A dot blot analysis of Ishikawa tumor cells and Eahy-926 human endothelial cell 

conditioned media was performed to evaluate the effect of HPSE inhibitor on aHSPG release. 

Cells were incubated with A6 IFREMER inhibitor at a concentration of 100µg/ml for 24-hours 

in FBS-free media. CM was then loaded with CM (30 - 100 ul) and proteins immobilized on 

the nitrocellulose membranes (NC).  aHSPG was detected using AT-b and was labelled with 

Streptavidin-peroxidase followed by ECL detection. LTA cell line was used as aHS positive 

control and was used for standard dilution curve. LA9 cell line was used as aHS negative 

control signal. To ensure the specificity of aHSPG binding-AT a competition assay was done 

by co-incubation of AT-b with UFH and DxS at a concentration of 100µg/ml, as competing 

and non-competing GAG, respectively. Since NC binds proteoglycans and not 

glycosaminoglycans, the HPSE inhibitors did not bind to the NC (data not shown). 

Cell proliferation and viability analysis 

Cells were seeded on a 24 well plate at initial concentrations of 10 x 106/ well and 40 x 

106/well for Eahy-926 and Ishikawa lines respectively. The cells were incubated for 72h with 

500µl of media containing or not treatments of heparin derivatives at 25-50-75 and100 ug/ml. 

Before counting, cell were washed with PBS and incubated 1 minute with trypsine and 0.4% 

trypan blue stain. Cells were counted using a haemocytometer counting chamber. Final 

concentrations were calculated and % of proliferation was calculated and normalized to the 

non-treated well. Cell viability was also calculated by measuring % of dead cells colored with 

Trypan blue among total number of cells. Duplicate wells were used to stain the monolayer 

with crystal violet to illustrate cell proliferation and snap shot images were taken using a 40× 

objective. The experiment was repeated 3 times. 
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Cell migration analysis by wound closure assay 

 

Ishikawa tumour cells migration was assessed using Ibidi™ culture inserts (Thistle 

Scientific Ltd, UK) and we compared the effects of HPSE inhibitors on wound closure’s 

speeds. Briefly, the inserts consist of two chambers separated by a 0.5mm divider, each 

chamber with a growth area of 0.22cm2. The inserts were installed into 35mm tissue culture 

dishes using sterile tweezers. Cell suspensions were prepared at 7-9x105 cells/ml in medium, 

of which 70µl was transferred to each chamber. The cells were left to adhere and grow to 

confluence. The inserts where then removed leaving a 500 µm diameter gap between each 

chamber. The cells were then exposed to fresh treatment and/or suplemented media and 

decreasing wound size over time were measured by taking Snap shot images with an inverted 

microscope. The measurement of decreasing wound size over time was performed using 

Image-J software. For each time, we measured the migration distance [cell covered area at T0 

– cell covered area at T] in µm and the percentage of slowdown relative to the non-treated 

control [100 - (%Treatment TimeT * 100 / %Ctrl- TimeT] and the percentage of cell-covered 

area at different time points according to 100% for hole observation area covered, were 

calculated. The cell-covered area, which is given for each analysed picture, is an absolute value 

that is dependent on the observation area, magnification and width of the gap. Thus, it must be 

normalized for comparison with other experiments. To this end, we evaluated the center piece 

approximation which is the slope of the linear growth phase [% coverage/time unit] that will 

give us the characteristic increase of the cell-covered area. We converted the center piece 

approximation into a normalized value which is the cell front velocity in µm/h [(total area of 

microscopic picture in µm2 * center piece approximation in %/h)/2* height of the picture in 

µm]. A total of 4 experiences was performed. 

Determination of mitotic index of migrating cells 

In order to discriminate whether reduction of wound closure is due to migration of cells or 

to proliferation, we evaluated the mitotic index of cells in the gap during the wound healing by 

performing a 5-bromo-2'-deoxyuridine (BrdU) incorporation analysis. We first proceeded to a 

migration assay as usual on a 6 wells plate. At 48h of migration, cells were serum deprived 

with 0.2% BSA 24h to synchronize the cell cylce before BrdU incorporation. The cells were 

 
Figure 46. Steps of the wound closure assay 

Cells are first seeded on the two chambers of the Ibidi insert. When reaching confluence, the insert is removed 

and the wound closure speed is quantified by taking snap shot images. Quantification was performed using 

ImageJ software by measuring the surface coverage over time. The velocity was calculated from the 

centrepiece. 
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then incubated during 18h at 37°C in complete medium containing 0.01M of BrdU generously 

given by Marie-Luce Bochaton-Piallat. This synthetic nucleoside which is an analogue of 

thymidine is incorporated in newly synthesized DNA of replicating cells (during the S phase 

of the cell cycle) activated by serum. 18 hours after incorporation and before any other new 

cell replication (occurring in 35.14 ±2.68h approximatively) the cells were then fixed with 

MetOH. DNA was hydrolyzed with 1M HCL and then was neutralized with 0.1M BORAX 

solution. BrdU detection was finaly done by immunofluorescence using the monoclonal mouse 

anti BrdU Clone Bu20a (1/5) (DAKO, M0744) and the goat anti-mouse Alexa Fluor 488 

antibody (Mol. Prob). Only proliferating cells expose the incorporated BrdU to the antibody 

and are labeled. We quantified the proliferation by calculating the mitotic index (percentage of 

BrdU labeled cells compared to total DAPI labelled cells) on 10 fields (approximatively 986 

cells evaluated) and a total of 3 experiences was performed. 

Cytoplasmic actin isoforms labelling 

To further support the phenotype of migration of cells, we labelled actin filaments and focal 

adhesion in Ishikawa to analyse ɣ- and β-cytoplasmic actin expression of cells in the gap of the 

wound closure assay. We first proceeded to a migration assay as usual on a 6 wells plate using 

Ibidi inserts. At 48h of migration the cells were sequentially fixed with PFA 1% for 30 min at 

room temperature and permeabilized with cold Methanol for 3 min. Cytoplasmic ɣ-actin was 

detected with monoclonal mouse anti ɣ-cyto 2A3 (IgG2b) 1/100 and labeled with anti-mouse 

IgG2b Rhod 1/50. -actin was detected with monoclonal mouse anti -cyto (IgG1) 1/100 and 

labeled with anti-mouse IgG1 Alexa 488 1/50. These antibodies were generously given by 

Marie-Luce Bochaton-Piallat. A total of 3 experiences was performed. 

Cell invasion analysis by 3D collagen gel invasion and Transwell assay 

 

Transwell ThincertTM 8 µm-pore 12-well cell culture inserts (Greiner Bio-One GmbH, 

Frickenhausen, Germany, Cat. No. 662160) were placed into the wells of a 24-well cell culture 

 
Figure 47. Schematic diagram of the Transwell.  

Transwell invasion schematic with serum gradient conditions. Cells are seeded on a 5 mg/ml collagen gel and 

allowed to invade through the matrix and pass through 8 m pores. Invaded cells are stained with 0.2% 

crystal violet. 
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plate. 70µl of Corning matrigel basement membrane matrix (Cat. No. 354234) at a 

concentration of 5mg/ml diluted in an ice-cold serum free medium was incorporated on the 

surface of the Transwell insert giving a gel thickness of at least 70µm (2-3 cell diameters). The 

plate was placed in an incubator at 37°C for 60 min to allow gelling and then was placed at 

4°C to cool overnight. Cell cultures were prepared with DMEM containing 10 % FBS at 

standard culture conditions. For this assay, the cells were harvested and resuspended in the 

DMEM medium with 0.2 % BSA. 200 µl of the cell suspensions were added on the upper 

chamber (5.104 cells/well). The upper medium was then supplemented with the different 

treatments. Then, 500µl of the culture 10% FBS DMEM medium were added to the lower part 

of the arrangement of each well, where they could diffuse, forming a serum concentration 

gradient to attract cell from the upper chamber. The cells were incubated at standard conditions 

for 72 h and quantifications were made. The medium in each well was replaced after 48h and 

at 72h, the media in the cell inserts were removed, and the residual ECM gel in the upper 

chamber was also pipetted off. Cells in the lower part of the membrane was fixed with 5% 

Glutaraldehyde 10 min at room temperature by putting the fixative in the lower chamber. After 

that, the fixative was removed and the non-invasive cells on the top of the membrane were 

removed with dampened cotton bud 2 times. The invasive cells were then stained with 0.2% 

crystal violet and 2% ethanol for 20 min. The insert was then washed 3 times with PBS until 

the water was clear and the membrane was detached from the insert using a scalpel and 

mounted on slide and viewed on inverted microscope. Experiments were performed in triplicate 

and quantified by averaging the number of stained cells per 20x field of view counting 5 fields 

per chamber. Mean number of cells invading through the membrane x 100/mean number of 

cells migrating through the control membrane. 

Analysis of cell angiogenesis by cell tube formation assay 

 

A Matrigel tube-formation assay was performed to assess in vitro angiogenesis. EA-hy926 

cells were seeded at 2 × 104 cells/well on a 48 well plate precoated with 200µl GF-reduced 

Matrigel (BD, San Jose, CA, USA) at a concentration of 5mg/ml per well. Cells were incubated 

with 500µl control DMEM medium. EA-hy926 cells were incubated together with Ishikawa 

cells at the same cell density, in coculture, or with 24h Ishikawa CM done one day before the 

 
Figure 48. Steps of the cell tube formation assay  

Endothelial cells are seeded on a 5mg/ml matrigel.  Initially, cobblestones-like cells aggregate to cell clusters 

from which cells are sprouting out. Second: In those clusters cornerstone cells are formed which function as 

anchorage for the spindle-shaped cells. Third: Latter cells from adjacent clusters are guided chemotactically 

via an ATP gradient and join together to tubes. Quantification of tubes was performed using ImageJ software 

to detect number of branches. 



102 
 

 

experiment. Test compounds with LMWH and HPSE inhibitors at concentration of 100 µg/ml 

were added to the medium. Aquisition of phase contrast images was taken at 0h and every 3h 

on inverted microscope. Five fields were counted for each well (original magnification, ×20). 

The mean number of branches was quantified by Angiogenesis Analyzer for ImageJ. The result 

was normalized to 100% for control EAhy-926 cells seeded alone without medium 

complementation. 

Statistical analysis 

Experimental data were analyzed by using Prism5 program for Windows (GraphPad 

Prism® Software Inc., CA, USA). When comparing the two groups, the Mann-Whitney test 

was applied, and to compare more than two groups, the ordinary one-way ANOVA test was 

applied, followed by the Holm-Šídák or Tukey test. Values are presented as mean±SEM. 

p<0.05 was considered significant.  

All illustrations and graphs were created using ImageJ Fiji, Graphpad Prism and Adobe 

Illustrator. 
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Laser capture microdissection and RNA-

Seq analysis: high sensitivity approaches 

to explore biosynthetic pathways 

implicated in aHSPG downregulation and 

tumor-microenvironment crosstalk in 

Endometrioid Carcinoma Grade 1 cases 
 

Note: This analysis was performed under collaboration with Lou Romanens and Sana Intidhar 

Labidi-Galy that gave us optimized LCM and RNA extraction procedures for FFPE tissues; and 

Petros Tsantoulis and Prasad Chaskar for the bioinformatical analysis of raw data. Data shown 

in this thesis result from a preliminary analysis. Some questions are still unanswered. Further 

investigations will be done downstream to fully investigate genes expressions. 

 

1. SUMMARY 

While progression from normal endometrial epithelium to invasive cancer is driven by 

molecular alterations, tumor cells and cells in the TME are co-dependent and co-evolve. 

Indeed, we have shown that tumor progression was related to aHS downregulation on glands 

and the TME with predominance in strongly invasive phenotypes MELF, conditions allowing 

cell invasion and angiogenesis. These MELF tumor cases displayed a large halo of aHS 

negative capillaries around the tumor with the biggest index of endothelial cell proliferation. 

We have seen that tumor cells induce endothelial cell tube formation by releasing pro-

angiogenic molecules into the ECM, thus the released signal activates distant host cells. The 

purpose of this study is to understand how tumor glands downregulate aHS on blood vessels 

of the TME across such a long distance. Few human studies to date have focused on TME. 

Here, we performed gene expression profiling of laser capture microdissected MELF invasive 

endometrial epithelial tissue and compared it to medium and less invasive IG and BF 

endometrial epithelial tissues, each with its immediately surrounding stroma constituting the 

TME. Whereas tumor epitheliums were similar in gene expression space, stroma adjacent to 

the tumor was significantly different in the subtypes. A stromal gene signature reflecting HS-

related signalling activation and immune-related pathways was upregulated in high compared 

to low invasive cases. These preliminary data suggest that the microenvironment may influence 

EC initiation, and metastatic progression involving active implication of extracellular HPSE 

and Sulfatases in HS mediated pathways. 
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2. INTRODUCTION 

As a reminder, the endometrium consists of the glandular epithelium and supporting 

stroma. This connective stroma is comprised of fibroblasts, myofibroblasts, smooth muscle 

cells, vascular endothelial cells, nerve cells, and inflammatory cells. While EC arises from the 

epithelial component of the gland, the surrounding stroma is increasingly recognized as an 

important contributor in the process of carcinogenesis and a driver of cancer progression [254, 

255]. The pattern of myometrial invasion in EC varies considerably from widely scattered 

glands with little or no stromal response to invasive glands and cell nests, often associated with 

a fibromyxoid stromal reaction (desmoplasia) and/or a lymphocytic infiltrate. Numerous 

modifications appears accompagniying glandular invasion. At the tumoral comportment level, 

a glandular proliferation manifests followed by an EMT of tumor cells in MELF. At the TME 

level, the ECM undergoes morphological and functional remodelling in the presence of cancer 

cells and a visible desmoplastic reaction takes place, characterized by the pervasive growth of 

dense fibrous tissue around the tumor with collagen bundles and strong vasculogenesis, as 

previously seen. When the stromal compartment becomes reactive, normal fibroblasts are 

replaced by cancer-associated fibroblasts that play an important role for the TME  [256] and 

whose increase begins around in situ lesions and evolves during endometrial tumorigenesis, 

being inversely proportional to tumor differentiation [257]. Signaling factors from the 

microenvironment influence epithelial cells to acquire properties such as increased motility, 

proliferation or migratory and invasive behavior [258].  

The bidirectional signaling between epithelial cells and stromal constituents during normal 

endometrial homeostasis is disrupted early in tumorigenesis [259]. It is well established that 

tumor initiation and spread are complex mechanisms involving numerous interactions between 

tumor cells and the surrounding stroma [260]. Due to their binding properties to numerous GFs 

and chemokines implicated in initiation of numerous signaling pathways, heparan sulfate (HS) 

plays important regulatory roles in stromal-epithelial interactions in this tumor-TME crosstalk 

during endometrial tumorigenesis. We have explicited earlier in the introduction how the tumor 

influences the TME breakdown and how in return the TME influences tumor proliferation, 

spread and distant angiogenesis through enzymatic modifications of HS glycosidic chains and 

protease activity of MMPs. These assumptions are supported by the results shown in chapter 1 

and chapter 2. Indeed, we have previously found that the tumor progression is related to 

decreased aHS expression and to the increase of the HS post-synthetic modification enzymes 

HPSE and Sulfs, capable of modifying the glycosidic chains of HS and to perturbe ligand-

sequestering as more soluble ligands are rendered available for pathways activations. In turn, 

soluble cytokines and chemokines influence the interaction between the epithelial and stromal 

compartments during EC progression. Furthermore, aHS downregulation and vessel 

proliferation was more relevant in the most invasive phenotype: MELF, supporting a strong 

relashionship between aHS integrity and the invasion/angiogenesis processes. These MELF 

cases displayed the largest halo of negative aHS on TME capillaries reaching 1751µm in MELF 

together with the biggest index of endothelial cell proliferation. This tumor-TME cross talk 

was also highlighted in the second chapter where tumor cells could induce in vitro cell tube 

formation by releasing angiogenic molecules in their conditioned media thus sending signals 
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to distanced host cells. Understanding how tumor glands downregulate aHS expression on 

blood vessels of the TME at such long distance could be very informative in cancer research. 

Most human studies have focused on the mutational landscapes in tumors in an attempt to 

predict biologic and clinical behavior of human EC [261, 262]. In addition, epigenetic and 

transcriptional epithelial signatures are associated with the degree of differentiation and are an 

important adjunct in predicting aggressive and indolent tumor behavior [254]. While these 

contribute to additional independent prognostic information, they could be further improved 

by knowledge of the contribution of stromal elements. Such analysis could highlight the 

differences of MELF pattern of invasion and could support the molecular characteristics we 

have noticed in the first chapter and thus confirm the necessity to reclassify MELF cases with 

high aHS decrease as potential risk factor for recurrent EC. 

Here, we hypothesize that progression of BF mild invasive EC to most invasive IG and 

metastatic-like MELF patterns is driven by molecular alterations in both epithelium and stroma, 

and that changes in the microenvironment can potentially contribute to tumor initiation, 

maintenance and progression as it was seen in chapter 1 by progressive from the 

microenvironment influence epithelial cells to acquire properties such as increased motility, 

proliferation or migratory and invasive behavior [258].  

Laser capture microdissection LCM has facilitated the isolation and study of specific 

cellular populations of both tumor glands and adjacent TME including blood vessels. This 

labor-intensive technology, however, limits large-scale studies. We had thus limited our study 

to BF, IG and MELF cases with distinct aHS expression to hilight differences according to the 

degree on invasion. To date, no such analysis was done on EC grade 1, thus this analysis 

constitute an interesting starting point to characterize more this cancer and to better understand 

the pathways implicated in aHS downregulation and tumor invasion and angiogenesis in EC. 

 

3. RESULTS 

3.1. Quality control of samples. 

3.1.1. Experimental design 

We performed gene expression profiling of laser capture microdissected tissue specimens 

from 29 low-grade (10 BF, 9 IG and 10 MELF) radical hysterectomy cases. For each case, we 

took 2 regions of interest: tumoral glands (Tumor), and each with its adjacent stroma TME 

(Figure 49). As complement to the first retrospective study, we took the cases from the first 

cohort study after aHS expression analysis to select the cases with the main characteristics. 

MELF cases with largest aHS distances in the TME were selected. Since long formaldehyde 

fixation used in FFPE blocs is critical for RNA integrity, we first performed quality control of 

the samples. 
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1.1.1. Quality control of extracted RNA 

The samples were selected according to their quality number. Only samples with a DV200 

over 30% were taken. Between these samples, only samples that have suffisant amount of RNA 

remaining after quality control in order to perform RNA Seq (100 ng) and RT-PCR control (40 

ng additional) were taken (Table 6). The total RNA normalised for 20 mm2 of surface 

microdissected was calculated to evaluate the density of cell population on each subtype of 

myometrial invasion (Figure 50A). As expected, total amount of RNA in tumor glands is twice 

bigger compared to the value of TME. It can be explained by the fact that tumor glands have 

dense epithelial cells clustered as result of active tumor proliferation. The TME however is 

composed of stromal cells mixed with myometrial cells and component of the ECM. This 

compartment is more relaxed with larger and fewer cells per area. Identical amount of RNA 

was recorded between the subtypes giving an overview of good manipulation.  

 
Figure 49.  Laser capture microdissection  LCM procedure  

A: Sample processing; fresh tissue is preserved, sectioned and stained prior to LCM. B LCM; selected area is 

visualized under microscope, excised by laser and collected in the tube’s cap. C: Downstream analysis; RNA 

is extracted from the area selected and used for quality control analysis. D: Applications; transcriptomic 

proteomic profiling is performed. E: Example of microdissection of BF, IG and MELF epithelial tumor areas 

of FFPE tissue sections from patients. Tumor area before and after microdissection. Adapted from [263]. 
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We then evaluated the quality control according to the age of the FFPE bloc. Interestingly, 

contrary to the predictions of specialists, no correlation of the age of FFPE bloc with DV200 

value was seen in TME. Blocks dated back to 1998 gave good 46% DV200 (Figure 50B). Only 

a trend toward a decrease of DV200 in older blocks was observable in the tumor. This result 

removes the limitation barrier of retrospective studies on FFPE blocks on RNA-Seq. 

1.1. Exploratory data analysis. 

Tumor zone contains exclusively tumor epithelial cells. The TME is composed of a mixture 

of cells (smooth muscle cells, endothelial cells and inflammatory cells) and fibrotic connective 

tissue (fibroblast, collagen, HSPGs). The Principal Component Analysis (PCA) clearly 

separated tumor cells and TME which reflects the quality of microdissection (Figure 51A). We 

already observed a tendency of gene expression in MELF TME suggesting a particular 

morphological and functional characteristics. These results suggest that IG and BF samples are 

more similar to each other in the tumor as well as TME, while MELF exhibit a distinct profile. 

PCA showed that MELF samples were placed distinctly to the two other BF and IG on the 

primary PCA axis, indicating that gene expression profiles of BF and IG are more similar than 

MELF (Figure 51A). The distribution of tumor and TME samples according to PCA was in 

agreement with the dendrogram and the heat map generated based on correlation distances 

between samples (Figure 51B). 

 
Figure 50.  Quality control of extracted RNA 

A: The yield /dissected surface was normalized and compared between the subtypes of myometrial invasion. 

B: DV200 value was evaluated on each area individually accoarding to the age of the FFPE bloc. 
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Table 6. Summary table of samples used for LCM and RNA evaluation 

For each case, and each sample, yield RNA was quantified as well as fragment size analysis represented by 

DV200 and RIN values.  The input quantities of RNA for Sequencing were adjusted to the DV200 values. 
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1.2. Differential expression analysis 

 

1.2.1. Differences between tumor and TME compartments across progression  

As expected from our experimental design, the major share of variability in gene expression 

was explained by differences between epithelial and stromal tissue compartments (Figure 52). 

We first analyzed the differences between tumor and TME on each pattern of myometrial 

 

 

Figure 51.  Correlation between heat map and Principal Component Analysis 

A: Principle Component Analysis two-dimensional scatter plot (tumor and TME) of normalized expression 

data obtained from BF (red) IG (green) and MELF (red).  B: Heatmap depicting differential gene expression 

in tumor and TME. Samples were clustered accoarding to the similarities in gene expression. A cluster is 

visible for MELF in the TME. 

a 

b 
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invasion. Some genes as well as pathways were shared across the BF tumor- TME, IG tumor-

TME and MELF tumor-TME comparisons. Biological processes commonly upregulated in the 

epithelium, and which were maintained through “progression” to invasive tumors, included 

glutathion signalling and glucose metabolic regulation, metabolism of nucleotides, DNA 

replication pathways and regulation of mitotic cell cycle. Common processes upregulated in 

stroma were mostly muscle development (myogenesis) as well as changes in ECM 

organisation, platelet activation signaling and collagen formation. Interestingly, most cancer-

related pathways upregulated in all patterns were concentrated in the TME.  

Among processes upregulated in all BF TME components compared to tumor, we find 

TGFβ signaling pathway, JAK-STAT signaling pathway, PI3K-AKT activation and PI3K 

cascade, FGFR signaling pathway, PDGF and MAPK signaling (Figure 52A). Among 

processes upregulated in all IG TME components compared to tumor, we find PDGF signaling 

and integrin pathways (Figure 52B). Among processes upregulated in all MELF TME 

components compared to tumor, we find Toll-like receptor pathways, immune system 

pathways, VEGF signaling pathway, MAPK signaling, DPGF and FGFR signaling pathway, 

cytokines signaling in immune system and chemokine signaling. Numerous genes were also 

upregulated in MELF TME compared to tumor, including STAT4 Signal Transducer and 

Activator of Transcription, AKT oncoprotein, FGFR 1 and 4, TGF Prostaglandin receptor and 

TGFBR mutant transforming GF receptor (Figure 52C). These results interestingly suggest that 

in early grade, oncogenic genes and pathways are mostly upregulated in the TME. The TME 

compartment is thus an active player in the initiation and progression of the tumor. All these 

pathways are known to be related to HS as shown in the introduction and participate to cell 

proliferation (FGFR, STAT, MAPK, AKT), cell transformation (JAK-STAT), cell survival 

(AKT oncoprotein), cell migration ( MAPK) and angiogenesis (VEGF and platelet activation 

signaling). 
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1.1.1. Differences between the patterns of myometrial invasion in the tumor 

compartment 

We then analyzed the differences between each pattern of myometrial invasion across the 

tumor BF-IG, tumor BF-MELF and tumor IG-MELF comparisons (Figure 53). Few genes were 

shown to be upregulated in IG compared to BF. Among these genes we observed Notch4 

(NOTCH4). Notch4 expression was shown to be associated with tumor migration and invasion 

and aggressive clinic pathological features. MELF pattern presented the most important 

amount of upregulated genes. One on the most interesting gene for our problematic was the 

Sulfatase 1 (SULF1) which is implicated in post-synthetic modification of HS chains. The level 

of MMPs is also elevated with a sharp upregulation in MMP 7 and MMP9. MMPs are known 

to be released into the ECM and participate to the shedding of membrane bound HSPGs and 

HSPGs from the matrix to remodel the TME and participate to activation of HS-related 

signaling observed in the previous figure. These results confirm that tumor cells induce 

functional readjustments to release enzymes capable to modify the glycosidics chains in the 

TME to allow tumor propagation. 

 

 
Figure 52.  Heat maps of pathways upregulated in tumor and TME compartments in each 

myometrial invasion subtypes. 

Pathways upregulated across the BF tumor-TME, IG tumor-TME and MELF tumor-TME comparisons. Most 

oncogenic pathways were upregulated in the TME of each subtype. Upon these pathways we find TGFβ, JAK-

STAT, FGFR and MAPK signaling activation in BF, PDGF and CAM signaling activation in IG; and VEGF, 

MAPK, EGFR, FGFR, STAT4, AKT and CAM in MELF. 

a b c 
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1.1.2. Differences between the patterns of myometrial invasion in the TME 

compartment 

We finally analyzed the differences in TME between each pattern of myometrial invasion 

across the TME BF-IG, TME BF-MELF and TME IG-MELF comparisons (Figure 53). When 

comparing MELF pattern to the less invasive BF pattern, we observe numerous genes 

activations.  Among these genes, we can see MMP9 and MMP2.  Sulfotransferase SULT2B1 

was seen to be upregulated in MELF TME compared to BF as well as SULF1 highlighting the 

importance of sulfate group modifications in tumor progression. Notch4, MMP9 and MMP12 

were also upregulated in MELF compared to IG pattern. SULF-1 is particularly upregulated in 

MELF cases while SULF-2 is seen among all the patterns of myometrial invasion suggesting 

a pro-invasive and cellular transforming function of SULF-2. Interestingly, HPSE was seen to 

be upregulated in the TME and not in tumor cells. VGFA and FGF2 were also upregulated in 

the matrix compartment by tumor stromal cells and capillaries. This result suggests that stromal 

cells seems to be activated in the TME where they upregulate pro-oncogenic genes 

supplementing action of tumor cells. Collectively these results hightlight the strong 

complementarity of TME and the tumor in cancer initiation and progression. 
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Figure 53.  Heat map of genes upregulated in pattern of myometrial invasion 

Genes upregulated across the tumor-tumor and TME-TME between patterns comparisons. The most oncogenic 

genes upregulated in MELF tumor compared to less invasive patterns are:   NOTCH4, SULF1, MMP9 and 

MMP7. The most oncogenic genes upregulated in MELF TME compared to less invasive patterns are:   SULFs, 

MMP9, MMP2, MMP12, VGFA and FGF2. SULF-1 is particularly upregulated in MELF cases while SULF-

2 is seen among all the patterns of myometrial invasion 
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4. DISCUSSION 

This analysis is still undergoing which prevents us from answering all the questions asked. 

However, preliminary results gave interesting outputs. Numerous genes associated in HS 

modification and degradation were upregulated in the most invasive pattern MELF compared 

to BF. In turn, HS modifications are thought to enhance signaling pathways implicated in tumor 

progression by releasing bio-available GFs and chemokines. We observed that stromal and to 

a lesser extent epithelial gene expression, obtained from BF areas differs significantly from 

that of MELF. The most characterized pathway implicated with HS signaling is FGFR-PI3K- 

AKT/PKB that is involved in cell proliferation and survival. MELF was also seen to upregulate 

MAPK signaling which results in upregulation of MMPS that in turn initiate tumor migration 

through shedding of core proteins in the ECM. These pathways are important in a variety of 

biological processes and are commonly altered in cancer. In addition platelet activation was 

shown to be upregulated in cancer by activation by thrombin of PAR-1.  aHS and heparin are 

known to suppress platelet activation through AT-heparin/aHS mediated thrombin inhibition. 

Their anticoagulant activity was shown to be potentially associated with antitumorigenic 

effects as heparin-treated platelets released less VEGF[160]. We have seen that in our tumor 

cases, aHS was strongly downregulated in both tumor and TME. Alteration of aHS distribution 

in cancer is therefore also involved in VEGF pathway activation.  

The two known human sulfatases, Sulf1 and Sulf2, are released as soluble enzymes that 

can cleave the 6-O sulfate on glucosamine in HS chains. Despite mechanistic similarities, the 

SULFs have opposing roles in carcinogenesis, which is best demonstrated in hepatocellular 

carcinoma [264]: Sulf1 suppresses FGF2-mediated tumor cell proliferation and invasion, 

whereas Sulf2 enhances these processes to promote disease progression [265]. Sulf1 is down-

regulated in breast, pancreatic, ovarian, and head and neck cancers, where it functions to 

suppress tumor cell proliferation and invasion by inhibiting the co-receptor function of HSPGs 

[266]. Conversely, in our study we found that Sulf1 is particularly upregulated in invasive 

MELF cases with strongest aHS downregulation while Sulf2 is seen among all the patterns of 

myometrial invasion. Consistent with our result, a study published in 2017 stated that Sulf1 

overexpression indicates poor prognosis in urothelial carcinoma of the urinary bladder and 

upper tract and thus underlined its role in promoting tumor progression [267]. Sulf2 has 

additional roles in the pathogenesis of non-small-cell lung cancer, pancreatic cancer, and 

glioblastoma despite unaltered expression levels [268, 269]. In addition, Sulf2 was shown to 

regulate PDGFR signaling in malignant glioma [269]. These results demonstrate the critical 

importance of HS desulfation in the GF signaling in cancer cells.  

The traditional consensus is that tumorigenesis is caused by mutations exclusive to 

epithelial cells that promote increased growth and invasive capacity, eventually resulting in 

metastasis. However we have seen in this analysis that the microenvironment within which the 

cancer cells reside plays a pivotal role in cancer initiation and progression. Furthermore, altered 

microenvironment may even precede genetic alterations in epithelial cells. Our results show 

that changes in the microenvironment are important contributors to tumor initiation and may 

affect progression. The major modifications observable between poorly invasive and invasive 

EC is principally seen on the TME.  



115 
 

 

One of the major questions was to investigate if MELF cases should be re-evaluated as 

grade 1 EC or should be classified into a high-risk prognosis class in result to the 

characterization made in chapter 1 showing major decrease of aHS along with increased tissue 

remodeling in both tumor and TME compartments and endothelial cell proliferation. FIGO 

grade is one of the strongest clinical predictors of EC progression and outcomes. An mRNA 

signature associated with FIGO grade improves risk stratification. In this analysis we found 

that MELF pattern have particular gene signatures in the tumor and TME compared to less 

invasive patterns. However, identical signaling pathways were shown to be upregulated in BF 

and MELF patterns. We identified only two signaling pathway differentially expressed 

between MELF and BF in the TME, VEGF and cytokine signaling in immune system. These 

pathways were previously shown to be associated with angiogenesis and it is known that 

cytokines regulate and mediate immunity and inflammation [270]. It is also known that 

circulating leucocytes such as neutrophils, which are released in the endometrial stroma when 

cells become activated, express VEGF and thus participate in VEGF pathway activation [197]. 

Furthermore, it has been demonstrated that HS modulates neutrophils and that in turn the 

activity of neutrophils is influenced by the sulfation pattern of HS [271]. This result explains 

the explosion in microvessel proliferation observed in MELF TME compared to BF and IG in 

the first chapter. However, this preliminary analysis does not allow us yet to answer the 

question of aHS-distances stated in chapter 1. Further differential genes expression will be 

investigated. 

To conclude, MELF pattern expose particular oncogene signature in both tumor and TME 

cells and upregulate HPSE, Sulfs and MMPs that in turn will induce enzymatic remodeling of 

HSPGs in the TME leading to activation of HS-related oncogenic pathways. VEGF 

angiogenesis pathway is particularly upregulated in MELF pattern and mostly activated 

oncogenic pathways are found in the TME. Together these results highlight the importance of 

TME in tumor-stroma crosstalk. 

5. MATERIAL AND METHODS 

Tissue specimens 

A total of 29 EC Grade 1 patients who underwent hysterectomy were enrolled in this study. 

The cases were taken from the preliminary immunohistochemical analysis of the 102 cohort 

study of the chapter 1. From the 29 cases, we have 10 BF cases, 9 IG cases and 10 MELF cases. 

For each case two samples was harvested, one from the epithelial glandular tumor and one 

from the TME adjacent to the tumor front. A total of 54 samples were analyzed. 

Tissue processing for LCM 

FFPE tissue LCM sections were cut at 8 µm. Bench, microtome and accessories were 

cleaned with RNAse ZAP (inVITROGEN, AM9780, AM9782). The steel frames PET 

Membrane Glass Slides (Applied Biosystems™ 20398) were coated with 300µl Poly-lysine 

overnight in a slide holder to let dry. The slides were then put under UV for 30min. DEPC 

treated water was used for the microtome HM 360 (ThermoFisher Scientific), the blade was 

cleaned with RNase away™ (Ambion). The tissue was mounted on steel Slides and mounted 
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tissue sections were left to dry for 30 min at room temperature. To visualize the areas of 

interest, tissue sections were stained with Hematoxylin according to Labidy-Galy Laboratory 

protocol. The staining protocol is composed of 2 min deparaffination with xylene, successive 

rehydratation from 100-95-75% ethanol 1 min each, and 2 min DEPC water, 1 min 

Hematoxylin and successive wash on DEPC water and dehydration with a final 1 min Xylene 

bath. To allow for proper excision performance, slides were completely air dried before 

microdissection. For every tissue sample that underwent LCM, a second 4µm tissue slide was 

stained with conventional Hematoxylin–Eosin staining and were scanned using Pannoramic 

250 Flash III scanner (3D Histech, Budapest, Hungary) for validation of tissue morphology in 

case of uncertainty using the adapted hematoxylin stain. 

Laser-capture microdissection 

Before microdissection, identification of tumor glands characteristics of each pattern and 

their stroma was performed in supervision of a pathologist (Jean-Cristophe Tille). For 

Microdissection the Leica LMD7000 and Leica Laser Microdissection software were used. 

Laser parameters were set as follows: laser power of 39 mW, a wavelength of 349 nm, pulse 

frequency of 664 Hz and pulse energy of 120 μJ. Two areas were analyzed, tumor glands at the 

tumor front and the superficial myometrium adjacent to the tumor front to analyze tumor-TME 

crosstalk. Highly enriched populations of tumor glands with histological characteristics of 

myometrial invasion types were identified and isolated as well as the superficial myometrium 

adjacent to those glands. A mean of 20’000’000 µm2 of micro dissected tissue were taken per 

area and per case. Excised tissues were put on 0.6 ml micro centrifuge tubes suitable for the 

LCM device (Axygen REF MCT-060-C). The tubes were directly given for total RNA 

purification right after microdissection. 

Isolation protocol for RNA from FFPE tissue sections 

Extraction of total RNA was performed immediately after microdissection using the 

RNeasy® FFPE kit from Qiagen (REF 73504) according to the manufacturer’s protocol with 

following adjustments. Microdissected cells were lysed by incubation with 10µl proteinase K 

and 150 µl PKD buffer (Qiagen, Hilden, Germany ) at 56°C and while stirring at 400 rpm for 

3h. Samples were treated with DNase I and RNA was eluted from the spin columns using 15 

µl of RNAse-free water. The eluate was aliquoted before analysis and stored at −80 °C.  

To reduce sample degradation, the bench and instruments required for all laboratory 

procedures described above were cleaned using RNAzap (Sigma-Aldrich, Missouri, USA) to 

minimize surrounding RNase enzyme. 

RNA quantification and fragment size analysis 

RNA abundance and quality was analyzed in the Genomics Platform of iGE3. Total RNA 

was quantified using Qubit™ RNA HS Assay Kit and Qubit® Fluorometer (Thermo Fisher 

Scientific, MA, USA). For RNA fragment size analysis, 5ng of each sample was run on an 

RNA 6000 Pico chip on the 2100 Bioanalyzer (Agilent, CA, USA) using Eukaryote total RNA 

Pico assay (Agilent, CA, USA). This analysis is critical for sample discrimination as processing 

and storing of FFPE tissues request formaldehyde fixation which gives fragmented and 
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degraded RNA. The RNA integrity number RIN is measured as well as the DV200 value (the 

percentage of fragments >200 nucleotides).  

Library preparation and exome-capture RNA Sequencing 

The library preparation and the Sequencing was performed in the The Genomics Platform 

of iGE3 and the University of Geneva. Multiplex paired-end exome-capture RNA-sequencing 

was performed on microdissected samples. Libraries were prepared using TruSeq RNA 

Exome® kit (Illumina Inc, CA, USA) according to manufacturer’s protocols. The input 

quantities of RNA were adjusted to the DV200 values following supplier’s protocol (Illumina 

Inc, No. 470-2014-001). For a DV200 between 30 to 50 %, samples are normalized with an 

input quantities of RNA of 100ng to perform RNA-Sequencing. Each library was paired-end 

sequenced (2 × 100 bp) in duplicate in two different flow cell lanes (50 Million reads per library 

in total) using the TruSeq SBS Kit v3-HS on a HiSeq2000 platform.  

Data processing 

Raw data processing was performed in collaboration with the bioinformatician Prasad 

Chaskar under the supervision of Petros Tsantoulis in the HUG. Quality control was performed 

on raw sequencing data using the FastQC tool [272]. Paired-end reads were aligned to the 

human reference transcriptome Homo_sapiens.GRCh38.cdna.all.fa.gz (release 94, obtained 

from ftp://ftp.ensembl.org/pub/release-94/fasta/homo_sapiens/cdna/) using Salmon v0.11.4  

[273]. Salmon uses a quasi-mapping approach for the fast quantification of transcripts 

expression. For mapping, the --gcBias flag was used, which accounts for fragment-level GC 

biases (under-representation of some sub-sequences of the transcriptome) present in RNA-seq 

data. R Bioconductor (R version 3.6.2 and Bioconductor version 3.10) packages tximport 

(version 1.14.0) and DESeq2 (version 1.26.0) were used [274, 275] to summarize the 

transcript-level and gene-level estimates and for further down-stream analyses [276].  

The dataset was filtered by discarding genes that had very low expression (gene abundance 

count < 10, across all samples). Variance stabilization transformation was performed using the 

VST function [277, 278] implemented into the DESeq2 package. To visualize the sample to 

sample variation, PCA was performed on the top 500 most variable genes using the built-in R 

function prcomp(), and the principal components obtained were visualized using ggplot2 [279]. 

For hierarchical clustering, the top 1000 variable genes were selected from transformed data 

matrix and estimated the sample-to-sample Pearson correlation distances using cor() function. 

Hierarchical clustering was performed with a complete linkage method using hclust() R 

function. A heat map was plotted using the Heatmap() function from the ComplexHeatmap R 

package [280]. 

Gene expression analysis 

Differential expression analysis was performed using DESeq function from the DEseq2 R 

package [274] on gene-level abundance estimates from Salmon. DESeq function estimates size 

factors, dispersion values for each gene, fits a negative binomial model and performs 

hypothesis testing using the Wald test. DESeq2 performs multiple test corrections on the p-

values obtained from the Wald test using Benjamini-Hochberg adjustment method. Adjusted 



118 
 

 

p-value (FDR < 0.05) and log fold change  (lfcThreshold = 0.58, which corresponds to a fold 

change of 1.5) were used to identify differentially expressed genes between tumor cells and 

TME samples.  

Functional analysis 

Pathway annotation was performed with Gene set variant analysis (GSVA) by using 

KEGG, Biocarta and Reactome gene sets from the C2 collection of the MSigDB v6.2 

(c2BroadSets) [281, 282]. GSVA analysis was performed on the variance stabilized expression 

value matrix of 1776 differentially expressed genes (adjusted p-value<0.05 and FoldChange ≥ 

1.5, i.e. log2FC>0.58). Limma was used for the generalized linear model fitting on GSVA 

output in order to identify enriched pathways between BF, IG and MELF as well as between 

Tumor and TME. Benjamini-Hochberg adjustment for FDR was applied.  
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General Discussion 
Tumorigenesis is a multi-step process. It is widely accepted that the progression of EC 

depends on a sequential accumulation of mutations within glandular epithelial cells. These 

mutations constitute an independent process that induces a metabolic reprogramming to 

support and enable rapid proliferation, continuous growth, survival in harsh conditions, 

invasion, metastasis, and resistance to cancer treatments [283]. In addition, tumor glands 

imperatively need the involvement of stroma cells to progress and involve complex 

interconnected processes. The differentiation process can reverse and tumor cells 

dedifferentiate to enable them to invade the host tissue by active locomotion, [284, 285], 

proteolytic degradation of the ECM [286] and spread by active angiogenesis. Invasion and 

angiogenesis are cooperative and complementary processes requiring bidirectional 

communication between cells and their microenvironment [287]. 

What drives the progression of cancer?  

Because GAGs are the main mediators of communication (cell–cell and cell–ECM 

communication) in the intercellular space, they play a major role in malignant transformation 

and tumor spread [13]. Several hallmarks of cancer, such as sustained growth signaling, 

suppression of apoptosis, deregulated metabolism, immune evasion and angiogenesis are 

enhanced through pathological alterations of normal physiological processes implicating HS 

[288]. 

The work presented here sheds new light on aHS implication in physiological and 

pathological tissue remodeling in endometrium and documents a novel and unprecedented role 

of post-synthetic enzymatic modifications leading to aberrant expression of aHS in invasion 

and angiogenesis as potential early marker of aggressive EC. Next, the pioneering results from 

transcriptomic profiling of myometrial invasion subtypes, described in parallel of the 

immunohistochemical analysis, show new insights of gene profiling and activated pathways 

implicated in aHS remodeling according to the degree of invasion. Furthermore, this work 

reports the anti-tumorigenic potential of new customized HS mimetics in vitro, which will 

provide new therapeutic insights in adjuvant treatments of EC. Even if tumor and TME are 

profoundly interconnected, we will discuss the two topics separately based on experimental 

results either directed on the tumor itself to investigate tumor invasion or on the TME to 

investigate tumor angiogenesis. 

1. aHS SUPPRESSION ENHANCES TUMOR INVASION IN EC GRADE 1 

Our initial investigations on aHS and HPSE expression during estrus cycle highlighted the 

implication of aHS in physiological tissue remodeling occurring in the endometrium. In normal 

endometrial glands, in the functional zone, aHS and HPSE vary in parallel during the estrous 

cycle, with maximum expression in the proliferative phase and decrease in secretory. The 

repression peaks in the receptive endometrium during the implantation window. In the stable 

basal zone aHS is high and HPSE is low throughout the cycle limiting local tissue remodeling 

(Figure 22). Time and local limitations of aHS repression as well as low level of HPSE contains 

the overshoot of endometrium remodeling. Increasing expression of HPSE in the latent 
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precancer hyperplasia, reaches its maximum in the established cancer (Figure 29). In the same 

way, aHS is decreased in tumor glands compared to the healthy glands. In this work we have 

demonstrated that the invasive and pre-metastatic MELF glands exert extensive aHS 

suppression (Figure 23). 

A major consequence of HPSE upregulation in cancer is a robust up-regulation of GF 

expression and increased shedding of Sdc-1 [289]. Here we found that MELF epithelial cells 

overexpress MMP9, MMP7 and HPSE that together participate in aHS degradation and Sdc1 

shedding to the ECM where additional extracellular HPSE and Sulfs process further 

proteoglycan by enzymatic modifications on aHS chains (Figure 53). Sdc shedding was often 

described as enhancer of cancer progression by reducing cell-to-cell contacts and increasing 

the acquisition of a fibroblast-like morphology, which are both associated with cancer 

metastasis [288, 290]. Thus, various components of the HS signaling pathway coordinate to 

promote carcinogenesis. However, we observed that the release of aHSPGs in the extracellular 

medium was beneficial to limit in vitro tumor cell invasion in our model, suggesting that 

depending on the presence of HPSE activity, soluble aHSPG can have opposite functions 

(Figure 36, 40). When processed by a combination of degrading enzymes, aHS loses its 

selective binding towards ligands while intact aHSPG could at the opposite act as trap, 

sequestering soluble mediators such as GFs. This assessment is supported by a study where 

soluble HSPGs has been shown to block hepatocellular carcinoma growth by blocking WNT 

signaling and MAP kinase and AKT pathways [291]. Taken together, these studies and our 

results presented in this work underpin that aHS and aHSPGs can exert either pro- or anticancer 

functions depending upon the context [288]. 

Additionally, MELF TME is histologically characterized by strong desmoplasia with 

activated myofibroblast. MELF TME cells were shown to overexpress HPSE, SULF-1, SULF-

2, MMP9, MMP2 and MMP12 (Figure 53). Stromal cells activated by the neighboring tumor 

also participate in aHSPG remodeling. Cancer-associated myofibroblasts have been proven to 

contribute to ECM remodeling and foster cancer cell invasion by producing MMPs, such as 

MMP-1-3, MMP-7, MMP-9 and MMP13-14 [292, 293]. Tumor and stromal cells act in 

cohesion to degrade aHS chains and the protein core of cell surface and ECM proteoglycans 

and participate to the disruption of the matrix priming the TME for cancer cell migration and 

invasion. Although loss of Sdc-1 correlates well with the gain of cancerous characteristics in a 

wide range of cancers [294].  

Furthermore, ligand binding by HS chains depends on its pattern of sulfation. SULF-1 is 

particularly upregulated in MELF cases while SULF-2 is seen among all the patterns of 

myometrial invasion (Figure 53). In addition to enzymatic cleavage of aHS chains, 

extracellular removal of 6-O-sulfate groups by the endosulfatases Sulf1 and Sulf2 modulate 

multiple signaling pathways including the augmentation of Wnt/ß-catenin signaling [295].  

Upregulation of aHSPG post-biosynthetic modifying genes by invasive tumor cells and 

activated TME cells will in turn induce enzymatic remodeling of HSPGs in the TME leading 

to desequestration of bioactive molecules from aHS chains and activation of HS-related 

oncogenic pathways. Among processes upregulated in all MELF we find cell proliferation 

(FGFR, STAT, MAPK, AKT), cell transformation (JAK-STAT), cell survival (AKT 
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oncoprotein) and cell migration (MAPK) (Figure 52). Transcriptomic analysis further revealed 

that FGF2 is upregulated in the TME of the most invasive pattern where we believe that soluble 

aHS enhances FGF2 binding to cells resulting by the upregulation of pathways described 

before.  

Contrary to the expression of HS, the decrease of Sdc has been the subject of several but 

controversial studies in EC. The loss of Sdc-1 in EC cells has been demonstrated to be 

accompanied by a decrease in the activation of Erk and Akt and a concomitant decrease in the 

phosphorylation of PTEN and PDK1, which are known as negative and positive regulators of 

AKT activation, respectively [294]. Another study demonstrated that epithelial Sdc-1 

expression and basement membrane expression of HS was significantly lower in advanced 

stage, high grade, and deep myometrial invasion while stromal Sdc-1 expression was 

significantly higher in high-grade tumors [296, 297]. 

To sum-up, HSPGs are the principal modulators of these pathways due to their binding 

potential toward numerous GFs, cytokines, chemokines and morphogens needed for specific 

receptor activation. HPSE expression upregulates protease activity and participate in the 

shedding and degradation of aHS chains in EC. In addition, Sulfs activity further reduces the 

binding potential of aHS leading to the activation of signaling pathways of invasion. aHS 

deletion has been demonstrated to be proportional to the degree of myometrial invasion. 

This prompted us to assess in vitro, the effect of aHS degradation inhibition on human 

endometrial tumor cell invasion. HS mimetics with potent anti-HPSE and anti-Sulfs activities 

were used in this analysis. We have demonstrated that high MW HS mimetics with high 

sulfation degree inhibited significantly the different steps of tumor invasion including: cellular 

migration, degradation of the ECM-like collagen matrix and extravasation (Figure 39, 40). 

Together, our results confirm that enzymatic degradation of aHS is an important player of 

EC invasion and treatment with HS mimetics rescues endogenous aHS and inhibits tumor 

invasion. 

2. aHS DELETION ENHANCES TUMOR  ANGIOGENESIS IN EC GRADE 1 

In a similar methodology, we explored a second and not least important parameter: tumor 

angiogenesis. The new vessels not only help to meet the growing metabolic demands of the 

tumor by supplying additional nutrients, but also provide potential routes for tumor 

dissemination and metastasis, therefore strongly correlating to invasion [298]. Angiogenesis is 

the result of the combined activity of the TME and signaling molecules both implicating HS 

network [299]. Our analysis revealed brand new lights on aHS expression in vessels of the 

TME in EC. For the first time, a black negative halo for aHS has been observed around the 

tumor raising exciting questions about their function (Figure 26), especially since the extent of 

this inhibition reaches interesting distances of several hundred micrometers from the mother 

tumor. How is it possible? 

EC Grade 1 cases with the most extensive downregulation of aHS in capillaries of the TME 

have been interestingly found to be the ones with the strongest aHS diminishing on glands of 

the tumor front and the highest degree of myometrial invasion (Figure 26, 27). This 



122 
 

 

downregulation was attributed only to pathological tissue remodeling since the labeling was 

strongly present without fluctuation in capillaries of endometrial stroma during the menstrual 

cycle (Figure 26). These aHS positive capillaries also exhibited constant proliferating index 

while negative capillaries in the TME showed intensive proliferation by increasing the MVP 

by 2- and 6- fold in less and more invasive myometrial patterns respectively (Figure 25). aHS 

expression on capillaries is thus a marker of integrity and its deletion coincides with endothelial 

cell proliferation and increase of angiogenesis.  

Transcriptomic analyses revealed that, in addition to cell proliferation, pathways involved 

in angiogenesis and GF production- including the FGF2, platelet activation and VEGFA 

pathways, were amongst the most upregulated pathways in MELF cases in comparison with 

the less invasive cases (Figure 53). It has been demonstrated that platelet factor 4 has a high 

affinity for vascular aHS and its binding inhibits both FGF2 signaling and platelet activation 

[160, 300]. MELF TME is characterized by a strong inflammatory reaction recruiting platelets 

and neutrophils containing VEGF granules. Thus, in the absence of aHS in TME vessels, 

platelets become activated and release together with neutrophils VEGF and GFs initiating 

downstream pathways. The anti-inflammatory role of aHS is also crutial in this process. It have 

been demonstrated that aHS inhibits leucocytes-endothelial interactions [301], and the 

downregulation of aHS in MELF TME could help promote leucocyte recruitment into the 

TME. 

In addition, we have demonstrated that tumor cells release pro-angiogenic molecules 

capable of enhancing in vitro angiogenesis, while incubation with HPSE inhibitors restores 

normal angiogenesis (Figure 41, 42). Two possible mechanisms underlies: HS mimetics could 

either neutralize HPSE inhibiting aHS degradation on endothelial cells or could neutralize 

released growth factors such as FGF2 or VEGF implicated in angiogenesis pathway activation 

on endothelial cells. 

3. aHS AS DIAGNOSTIC AND PROGNOSTIC TOOL IN EC GRADE 1 

To this date, the diagnosis of EC is mainly based on histological features by analyzing the 

extent of myometrial/other tissues invasion and the aspect of tumor cells by measuring the 

degree of differentiation. However, this diagnosis has a grey zone as a significant number of 

tumors show overlapping clinical, morphologic, and molecular features between Grade 1 and 

2. A tumor classified with good prognosis could evolve rapidly into a more aggressive pattern 

and escape the first treatment, which subsequently gives risk to recurrence without being able 

to detect this subset early enough to adapt treatments.  

MELF have been shown to exhibit morphological and molecular characteristics of invasive 

features. Epithelial tumor cells appear less differentiated with mesenchymal transformation and 

strong stromal reaction. However, no clinical evidences could demonstrate that this pattern of 

invasion is associated with increasing disease recurrence. Combination of markers in addition 

to histology should thus be used to better target within population. 
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The implication of aHS in the establishment of protective barriers has remained largely 

undocumented up to date, in part due to the preponderant attention focused on HPSE and Sdc-

1 in cancer. 

Previous investigations from our group had demonstrated that the anticoagulant form of 

HS is essential for the control of proteolytic activities at ovulation in granulosa cells and is 

involved in the control of inflammatory events occurring during tissue remodeling in hormone-

responsive tissues [187]. 

The present work has provided more evidence that aHS expression in tumor institutes a 

barrier that contains the overtake of signaling implicated in tumor progression, thereby 

restraining pathological tissue remodeling in endometrial glands and their stroma. 

The diminishing of aHS on endometrial epithelial cells was shown to be correlated with the 

invasive potential of tumor glands. And aHS decrease on capillaries was shown to correlate 

with endothelial cell proliferation and desmoplasia of the TME. Sdc-1 and HPSE expression 

are the main glycobiologic approaches analyzed and associated with potential prognosis in 

cancer [302-305]. However in the case of EC Grade1, HPSE expression alone was not able to 

distinguish within the invasion patterns. Our results show the potential of detecting aHS 

expression as a marker that could be used to discriminate within cancer population among cases 

with higher invasive and angiogenic features, quickly and with a simple binding assay. 

4. aHS AS THERAPEUTIC TOOL IN EC GRADE 1 

The data reported here for aHS derivatives could have important implications for the 

refinement or improvement of currently used adjuvant therapies in EC. Our results have 

indicated that pharmacologic inhibition of HPSE and Sulfs activities in human endometrial 

tumor cells restores different biological dynamic activities including: cell proliferation, cell 

migration and tumor induced angiogenesis in vitro. Screening for drug response of GAGs and 

aHS-like derivatives indicates that their activity is strongly dependent of the sulfation pattern; 

such polysaccharides could thus be useful for developing new delivery systems for 

conventional chemotherapeutic agents, even if their mechanism of action is not yet known. 

Preliminary results have indicated a broad action and could potentially affect multiple targets. 

Several possible mechanisms could be responsible for this positive interaction.  

A plausible explanation is that aHS derivatives play as substrate for HPSE and Sulfs 

reducing degradation of endogenous aHS (Table 3, 4). It has been suggested in the literature 

that HPSE recognizes the same glycosaminoglycan sequence of heparin/HS than the heparin 

interacting protein (HIP). Because HIP was shown to compete with AT for binding to HS 

glycosaminoglycans [306], it appears that HPSE may cleave the chain either within or adjacent 

to the pentasaccharide. This finding is supported by studies that show that HPSE, purified from 

platelets or hepatoma cells, can cleave an octasaccharide that contains the highly sulfated AT-

binding sequence [307, 308]. By binding to heparin/HS derivatives, the antithrombin-binding 

domain of endogenous aHS is preserved and could maintain normal level of expression. 

 Heparin derivatives and HS mimetics can affect tumor biological behavior by exerting 

pleiotropic effects through a context-specific mechanism of action based not only on HPSE 
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inhibition, but also on the counteraction of HSPG functions [228]. We suppose that HS 

derivatives also act as nets trapping released bioactive molecules in the extracellular 

component and thus inhibiting downstream signaling activation. Those HPSE inhibitors are 

designed to have increased binding selectivity towards specific proteins involved in cancer. 

Our results support this assumption as conditioned media treated with HS derivatives blocks 

stimulation of angiogenesis induced by tumor cells conditioned media (Figure 41). This 

mechanism is also supported by the observation that also treated EAhy-926 cells alone 

decreased the angiogenesis index, potentially by neutralizing GFs involved in cell-cell 

interaction and needed for the formation of cells junctions and tubes (Figure 42). Additionally, 

almost the totality of GAGs and glycans inhibited cell migration via their Sulfation degree 

(Figure 38). 

A less apparent but not trivial implication of these HS derivatives is that the endogenous 

replenishment of the intracellular aHSPGs reservoir is likely to be externalized giving more 

extracellular availability (Figure 36). Indeed, the mere blockade of intracellular HPSE 

degradation in the lysosomes denuded the tumor endometrial cells of tumor functions by 

reducing cancer related mechanisms (proliferation, migration, invasion and angiogenesis). 

Intact released aHSPGs could supplement HS derivatives to neutralize GFs. Blockade acts on 

two distinct mechanisms, such that their combination provides a markedly superior anti-tumor 

response. 

5. PERSPECTIVES 

The present study relates the anti-tumor activities of aHS on human EC cells. Mechanisms 

underlying this effect are still not well understood and are likely context-dependent. These 

satisfactory results leave an open door to a multitude of applications and rise the interest of 

understanding the mechanisms to better target their actions. 

The transcriptomic profiling gave light to genes and pathways potentially implicated in the 

process. Secondly, it would be necessary to analyze in vitro the response of inhibitors on these 

pathways by measuring each players. In addition, the sequestration of soluble bioactive 

molecules could be demonstrated by showing the formation of aHS/GFs complexes. 

In addition to morphological and molecular analysis of aHS negative MELF glands, a 

clinical follow-up of the patients should be proceeded to evaluate concretely their implication 

in disease recurrence. The low percentage of EC Grade 1 patients relapsing limits our analysis. 

In order to prove a correlation of central recurrence in low stage-low grade MELF (+) aHS (-) 

EC patients, more cases should be enrolled in the study. 

Changes into clinical practice could only be made if a univariate analysis could prove a 

direct correlation of clinicopathologic association and prognostic value with aHS decrease. 

However, the results presented here rise the interest to investigate more in details this approach. 
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“If we knew what we were doing it would not be called 

research, would it?” 
Albert Einstein 


