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Abstract 

Biglycan (BGN), a class I small leucine-rich proteoglycans (SLRPs), is a vital component of 

the extracellular matrix (ECM) that participates in scaffolding the collagen fibrils and 

mediates cell signaling. BGN underexpression was found in tumors of distinct origin and 

evidence suggests an association with tumorigenicity. The incapacitated immune system is a 

characteristic hallmark of solid tumors and the oncogene HER-2/neu is an essential target for 

cancer immunotherapy.  

To establish a mechanistic link between HER-2/neu-mediated immune escape and BGN 

reduction, in vitro models of HER-2/neu-overexpressing murine fibroblasts and human 

mammary and melanoma carcinoma lesions with defined HER-2/neu status were used.  

Upon BGN restoration, BGNhigh HER-2/neu+ fibroblasts were less tumorigenic in immune-

competent mice when compared to BGNlow/neg HER-2/neu+ cells, which was associated with 

enhanced immune cell responses and higher frequencies of immune effector cells in tumors 

and peripheral blood. The increased immunogenicity of BGNhigh HER-2/neu+ fibroblasts 

appears to be due to upregulated major histocompatibility complex (MHC) class I and 

reduced expression levels of the oncomir, miR-21-3p and transforming growth factor (TGF)-β 

suggesting a network among BGN, miR-21-3p, TGF-β pathway and HER-2/neu-mediated 

downregulation of MHC class I antigens. High miR-21-3p levels due to HER-2/neu 

transformation were inversely correlated to the expression of SMAD family member 2 

(SMAD2), BGN and MHC class I. These effects were due to the binding of miR-21-3p to the 

3’ untranslated region of murine SMAD2 or the human peptide transporter TAP1, 

accompanied by an impaired MHC class I expression and increased natural killer (NK) cell 

recognition. This was in accordance with in silico analyses of mRNA datasets obtained from 

breast cancer (BC) patients. The BC datasets confirmed the positive correlation between 

miR-21-3p and HER-2/neu expression and its inverse correlation to BGN, MHC class I and 

TAP1, which was associated with a reduced patients’ overall survival. It is noteworthy that, 

BGN has no mutation which is associated with increased survival in BC.  

Thus, this study reports for the first time the role of BGN in the HER-2/neu-mediated immune 

escape and identified the miR-21-TGF-β-BGN-MHC class I axis as a novel, innovative 

therapeutic concept for HER-2/neu+ cancers. 
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Referat 

Biglykan (BGN) gehört zur Familie der kleinen, Leucin-reichen Proteoglykane, small leucine-

rich proteoglycans (SLRPs), und stellt eine wichtige strukturelle und stabilisierende 

Komponente der extrazellulären Matrix dar, die vielfältige physiologische Prozesse 

beeinflusst und am Aufbau von Kollagenfibrillen sowie der Signalübertragung beteiligt ist. 

Eine verminderte BGN-Expression wurde in verschiedenen Tumoren gefunden und es gibt 

Hinweise, dass auch eine Assoziation mit Tumorigenität besteht. Das geschwächte 

Immunsystem ist ein charakteristisches Kennzeichen solider Tumore und das Onkogen 

HER-2/neu ist ein wesentliches Ziel für die Krebsimmuntherapie.  

Um eine mechanistische Verbindung zwischen den HER-2/neu-vermittelten immune escape 

und der Herunterregulation von BGN- herzustellen, wurden in vitro-Modelle von HER-2/neu-

überexprimierenden murinen Fibroblasten und humanen Mamma- und 

Melanomkarzinomzellen mit definiertem HER-2/neu-Status verwendet.  

Nach BGN-Rekonstituierung waren BGNhigh HER-2/neu+ Fibroblasten in immunkompetenten 

Mäusen im Vergleich zu BGNlow/neg HER-2/neu+ Zellen weniger tumorig, was mit einer 

Zunahme von Immuneffektorzellen in Tumoren und peripheren Blut einherging. Die erhöhte 

Immunogenität von BGNhigh HER-2/neu+ Fibroblasten war mit einer Hochregulation von 

Haupthistokompatibilitätskomplex (MHC)-Klasse-I-Antigenen und einer reduzierten 

Expression der OncomiRs, miR-21-3p und dem transformierenden Wachstumsfaktor (TGF)-

β zurückzuführen, was auf ein Netzwerk zwischen BGN, miR-21-3p, TGF-β und HER-2/neu-

vermittelter Herunterregulation von MHC-Klasse-I- Antigenen hinweist. Die starke Expression 

von miR-21-3p nach der HER-2/neu-Transformation von Zellen war invers mit der 

Expression von SMAD family member 2 (SMAD2), BGN und MHC Klasse I korreliert. Diese 

Effekte waren auf die Bindung von miR-21-3p an die 3’-untranslatierte Region von murinem 

SMAD2 oder dem humanen Peptidtransporter TAP1 zurückzuführen, was zu einer 

beeinträchtigten MHC-Klasse-I-Expression und einer erhöhten natürliche Killer (NK)-

Zellerkennung führt. Diese Resultate waren vergleichbar mit in silico Analysen von mRNA-

Datensätzen von Brustkrebspatienten. Dabei wurde die positive Korrelation zwischen miR-

21-3p- und HER-2/neu-Expression und eine Assoziation mit BGN, MHC-Klasse I und TAP1 

beschrieben, die mit einem reduzierten Gesamtüberleben der Patientinnen einherging. 

Bemerkenswert ist, dass BGN keine Mutation innerhalb der mRNA-Datensätzen von 

Brustkrebspatienten aufweist, die mit einer erhöhten Überlebenszeit verbunden ist. 

Zusammenfassend zeigen die Untersuchungen zum ersten Mal eine Rolle von BGN beim 

HER-2/neu-vermittelten immune escape und identifiziert die miR-21-TGF-β-BGN-MHC-

Klasse-I-Achse als neuartiges, innovatives Therapiekonzept. 

Subbarayan, Karthikeyan: Rolle von Biglykan auf die Immunogenität von Tumorzellen. 

Halle, Univ., Med. Fak., Diss., Seiten 41, Abbildungen – 9, Tabellen – 1, 2022. 



iii 
 

 

Table of Contents 

Abstract ................................................................................................................................... i 

Referat ................................................................................................................................... ii 

List of abbreviations .............................................................................................................. iv 

1 Introduction and Objectives ................................................................................................ 1 

1.1 Cancer, a global threat ................................................................................................. 1 

1.2 Immunobiology of cancer ............................................................................................. 1 

1.3 Immune escape and oncogenic transformation ............................................................ 4 

1.4 Extracellular Matrix (ECM) in tumor microenvironment (TME) ...................................... 5 

1.5 miRNA mediated post-transcriptional regulation..........................................................12 

1.6 Declaration on the contribution to the publications ......................................................13 

1.7 Aims and objectives ....................................................................................................14 

2 Discussion .........................................................................................................................15 

2.1 BGN-mediated upregulation of MHC class I expression in HER-2/neu cells ................15 

2.2 miR-21-3p/TGF-β signaling-driven immune escape via the MHC class I/BGN axis .....17 

2.3 Prognostic associations of mutations in BGN and co-occurred GAG genes ................20 

3 Bibliography ......................................................................................................................23 

4 Theses ..............................................................................................................................42 

5 Publications .......................................................................................................................43 

List of publications included in this dissertation .................................................................43 

5.1. Publication - One .......................................................................................................44 

5.2. Publication - Two .......................................................................................................56 

5.3. Publication - Three .....................................................................................................62 

Other publications .............................................................................................................75 

Conference Presentations.................................................................................................76 

Declarations .........................................................................................................................78 

Acknowledgements ..............................................................................................................79 

 

 

  



iv 
 

List of abbreviations 

APM, antigen processing machinery 

BC, breast cancer 

BGN, biglycan 

CALR, calreticulin 

CHST, carbohydrate sulfotransferase 

CHSY, chondroitin sulfate synthase 

CNA, copy number alterations 

CNX, calnexin 

CPTAC, Clinical Proteomic Tumor Analysis Consortium 

CS, chondroitin sulfate 

DC, dendritic cells 

DCN, decorin 

DS, dermatan sulfate 

EGFR, epidermal growth factor receptor 

EMT, epithelial–mesenchymal transition 

ER, endoplasmic reticulum 

FMOD, fibromodulin 

GAG, glycosaminoglycan 

HA, hyaluronan 

HC, heavy chain 

HLA, human leukocyte antigen 

HS, heparan sulfate 

IFN, interferon 

IL, interleukin 

KS, keratan sulfate 

LRR, leucine rich repeats 

MAPK, mitogen-activated protein kinase 

MDSC, myeloid-derived suppressor cells 

MHC, major histocompatibility complex 

miRNA, microRNA 

NK, natural killer 

OS, overall survival 

PDIA3, protein disulfide-isomerase A3 

PG, proteoglycan 

PLC, peptide loading complex 

PRELP, prolargin 



v 
 

SLRP, small leucine rich proteoglycan 

SMAD, small mothers against decapentaplegic 

SMAD2, SMAD family member 2 

TA, tumor antigen 

TACE, tumor necrosis factor-α-converting enzyme 

TAP, transporter associated with antigen processing 

TAPBP, tapasin 

TCGA, The Cancer Genome Atlas 

TCR, T cell receptor 

UCEC, uterine corpus endometrial carcinoma 

TGF, transforming growth factor 

TLR, toll-like receptor 

TME, tumor microenvironment 

TNF, tumor necrosis factor 

Treg, regulatory T cells 

UTR, untranslated region 

WHO, World Health Organization 

 



1 
 

1 Introduction and Objectives 

1.1 Cancer, a global threat 

Cancer has always afflicted humans, even though its relative impact was overshadowed by 

an early death from infectious diseases for centuries. Cancer ranks as a leading cause of 

death and a critical barrier to increasing life expectancy in every country of the world (1). 

1.1.1 Global cancer statistics 

Globally, an estimated 19.3 million new cancer cases and almost 10 million cancer deaths 

occurred in 2020 (2). Cancer is the first or second leading cause of premature death (ages 

30-69 years) in 134 of 183 countries. According to the statistics, one in every eight men and 

one in every ten women are likely to develop the disease during their lifetimes (3). The 

predicted global cancer burden exceeds 27 million new cancer cases per year by 2040, a 50 

% increase on the estimated 18.1 million cancers in 2018 (4). 

1.1.2 Cancer burden statistics in Europe 

With more than 3.7 million new cases and 1.9 million deaths each year, cancer represents 

the second most important cause of death and morbidity in Europe. Europe comprises only 

one-eighth of the total world population but has around one-quarter of the global total cancer 

cases with some 3.7 million new patients per year (5). 

1.1.3 Breast cancer (BC) statistics 

BC has become the leading cause of death from malignant tumors among women worldwide 

in the past few decades (6). BC has become a key research focus because of its high 

susceptibility and malignancy in women. According to World Health Organization (WHO) fact 

sheets 2020, there were 2.3 million women diagnosed with BC and 685,000 deaths globally. 

As of the end of 2020, there were 7.8 million women alive who were diagnosed with BC in 

the past 5 years, making it the world’s most prevalent cancer (7). The best survival pattern 

was observed among women with HR+/HER2− subtype (survival rate of 92.5 % at 4 years), 

followed by HR+/HER2+ (90.3 %), HR−/HER2+ (82.7 %), and finally worst survival for triple-

negative subtype (77.0 %) (8). 

1.2 Immunobiology of cancer 

Over the past 150 years, researchers have made significant accomplishments against 

cancer. Cancer survival rates are increasing, and cancer patients' quality of life is improving. 

Recently, cancer research focuses more on targeted and precision medicine, adapted to 

individual patients and their tumors (9). Cancer will remain an urgent priority on the global 

public health agenda. Immunotherapy has now firmly established itself as a novel pillar of 

cancer care in numerous cancer types (10). Since cancer immunotherapy was prized as a 
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breakthrough (11), immune escape has become one of the most important topics to be 

investigated. Indeed, the ability of the tumor cells to escape impairment by the immune 

system has been recognized as a novel “hallmark of cancer” (12). 

1.2.1 Different immune escape strategies of tumors 

In general, there exists interplay between immune and tumor cells, which profoundly 

influences each other. An association between host immune responses and prognosis has 

been described in a variety of tumor types, which is also influenced by the tumor 

microenvironment (TME), consisting of a heterogeneous mix of cellular and non-cellular 

components. The immune cells can recognize tumor cells, thereby leading to their apoptosis 

and tumor rejection. This activity is mainly mediated by T cells, NK cells as well as 

macrophages. During disease progression, host immune responses have been biased 

against antitumor immune responses. Tumors could not be recognized by immune cells 

resulting in tumor cell proliferation and in the induction of an immune suppressive 

microenvironment, which negatively interferes with the systemic and local adaptive immune 

responses.  

There exist different strategies how tumors evade the immune system. These include defects 

in the elucidation or maintenance of an effective antitumor responses such as insufficient 

antigen processing by dendritic cells (DC), poor recruitment of or impaired activation of 

effector cells, the secretion of immune suppressive factors, like cytokines, prostaglandine 

and growth factors, the expression of molecules of negative regulatory pathways, such as 

CD274, CD276 and VTCN1 and the non-classical HLA-G antigen, increased frequency of 

regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC), altered metabolite 

expression, modulation of the pH as well as downregulation or lack of the expression of 

classical HLA class I molecules and signal transduction molecules. Although there exists 

evidence for improved responses at earlier disease stages, not only activated effector CD8+ 

T cells, but also tumor antigen (TA)-specific T cells could be induced. For the antitumoral T 

cell responses, the interaction of the T cell receptors with their specific HLA class I complex 

is required. Therefore, the HLA class I antigen processing machinery (APM) plays a crucial 

role in mediating immune responses by the generation and expression of the trimeric HLA 

class I, β2-microglobulin (B2M) and peptide complex.  

1.2.2 Cancers often lose expression of MHC class I  

Prof. Dr. Barbara Seliger was one of the first to establish a connection between oncogene 

expression and an MHC class I-mediated immune escape phenotype. With more than 25 

years of experience in the field of immune-oncology, Prof. Dr. Barbara Seliger pioneering her 

research in MHC class I abnormalities and APM components in tumors (13–23). Currently 

there is abundant evidence that loss of MHC I antigen presentation is a frequent event in 

cancers including non-small-cell lung carcinoma, breast, prostate, colorectal, head and neck 
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squamous cell carcinoma, hepatocellular carcinoma, and melanoma (24–26) that results in 

immune evasion (12). 

1.2.3 MHC class I presentation 

The processes relying on MHC class I surface expression such as T cell development, DC-

mediated cross presentation and NK cell responses are pursued by the complex MHC class I 

antigen processing and presentation machinery, which has been well characterized during 

the last three decades (Figure 1). It consists of four major steps: (1) peptide 

generation/trimming; (2) peptide transport; (3) MHC class I assembly and (4) antigen 

presentation (27,28). MHC class I molecules are assembled in the endoplasmic reticulum 

(ER) and consist of two types of chain – a polymorphic heavy chain (HC) and B2M. The HC 

is stabilized by the chaperone calnexin (CNX), prior to association with the B2M. Without 

peptides, these molecules are stabilized by chaperone proteins: calreticulin (CALR), Protein 

disulfide-isomerase A3 (PDIA3) and tapasin (TAPBP) (18). TAPBP interacts with the 

transport protein TAP (transporter associated with antigen presentation) which translocate 

peptides an ATP-dependent manner from the cytosol into the ER. Prior to entering the ER, 

peptides are derived from the degradation of proteins, which can be of viral- or self-origin. 

Degradation of proteins is mediated by proteasomes, and the resulting peptides are 

translocated into the ER by means of TAP (Figure 1). TAP translocates peptides of 8 –16 

amino acids and they may require additional trimming in the ER before binding to MHC class 

I molecules (29). The complex of TAP, TAPBP, MHC class I, PDIA3 and CALR is called the 

peptide loading complex (PLC) (17). 

When peptides bind to MHC class I molecules, the chaperones are released and peptide–

MHC class I complexes leave the ER for presentation at the cell surface (Figure 1). In some 

cases, peptides fail to associate with MHC class I and they must be returned to the cytosol 

for degradation (17). There are different proteasomes that generate peptides for MHC class I 

presentation: 26S proteasome, which is expressed by most cells; the immunoproteasome, 

which is expressed by many immune cells; and the thymic-specific proteasome expressed by 

thymic epithelial cells (26). 
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Figure 1. Schematic diagram of MHC class I APM and steps deficient in tumors. Cellular 

proteins are hydrolyzed by the ubiquitin-proteosome pathway into oligopeptides, which are 

subsequently transported into the ER through the TAP transporter. In the ER, MHC class I 

HC and B2M, assisted by the chaperones CNX and CALR, are stabilized and associate. A 

multimeric PLC consisting of the TAP subunits, MHC class I HC, B2M, TAPBP, CALR and 

PDIA3 is yielded. Upon peptide loading, the PLC dissociates and the peptide/MHC class 

I/B2M complex is transported via the trans-Golgi to the cell surface. The red-highlighted the 

MHC class I APM components, which have been found to be dysregulated in tumor cells. 

Figure was prepared with Biorender. 

1.3 Immune escape and oncogenic transformation 

In murine in vitro models of oncogenic transformation, a reduced surface expression of MHC 

class I antigens was demonstrated, which is based on a transcriptional downregulation of 

components of the MHC class I-APM (17–19,22,23,30–32). This was associated with 

reduced T-cell recognition, a poor prognosis, and lower patient survival rates, as well as the 

development of resistance to T-cell-based immunotherapies (33–37). The reduced 

expression of MHC class I APM components is rarely due to structural changes, but is often 

due to complex regulatory mechanisms, which include transcriptional, epigenetic, post-

transcriptional and / or post-translational control (15,38,39). 
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1.3.1 The proto-oncogene, HER-2/neu and its clinical significance 

ERBB2 (HER-2/neu), a known proto-oncogene, is located at human chromosome 17 

(17q12). The ErbB family consists of four plasma membrane-bound receptor tyrosine 

kinases. One is ERBB2, and the other members are epidermal growth factor receptor 

(EGFR), ERBB3 (HER-3, which is neuregulin-binding and lacks kinase domain), and ERBB4 

(HER-4). When the human epidermal growth factor receptor 2 (HER-2) is activated, the cells 

to grow and reproduce. Normal breast cells have two copies of the gene that makes HER-2. 

Overexpression of HER-2 leads to increased breast cell production or cancer. Molecular 

cloning of the gene showed that HER-2, Neu, and ERBB2 are all encoded by the same 

orthologs (40).  

Uncontrolled growth is a common feature of tumors and is often based on amplification, 

overexpression, or increased stimulation of growth factor receptors. Amplification, also 

known as the overexpression of the ERBB2 gene, occurs in approximately 15-30 % of BC 

(41,42). It is strongly associated with increased disease recurrence and a poor prognosis; 

however, drugs targeting HER-2 in BC have significantly improved (43). Overexpression is 

also known to occur in ovarian, stomach, adenocarcinoma of the lung (44) and aggressive 

forms of uterine cancer, such as uterine serous endometrial carcinoma (45,46), e.g., HER-2 

is over-expressed in approximately 7-34 % of patients with gastric cancer (47,48) and in 30 

% of salivary duct carcinomas (49). HER-2 proteins have been shown to form clusters in cell 

membranes that may play a role in tumorigenesis (50). 

1.3.2 HER-2/neu-mediated signal transduction and TGF-β 

The truncated epidermal growth factor HER-2/neu induces various oncogenic signaling 

pathways like TGF-β signaling. Increased expression of TGF-β receptors and TGF-β, as well 

as secretion of TGF-β by HER-2/neu overexpressing tumor cells, is associated with 

increased migration, proliferation, invasion, metastasis and epithelial–mesenchymal 

transition (EMT) as well as decreased survival of patients with HER-2/neu-overexpressing 

tumors associated (51). TGF-β also suppresses the activation, maturation and differentiation 

of immune cells and inhibits the anti-tumor function of CD8+ T cells by inducing Treg (52,53). 

Synergistic effects of HER-2/neu and TGF-β on tumor progression have been described and 

are based on functional alterations of anti-mitogenic effects of SMAD (small mothers against 

decapentaplegic)-mediated transcription and induction of anti-apoptotic and pro-migratory 

functions by HER-2/neu-dependent mechanisms (54), while the influence on the anti-tumor 

immune response was not investigated. 

1.4 Extracellular Matrix (ECM) in tumor microenvironment (TME) 

Indeed, all tumors independently of etiology are distinguished by an early inflammatory milieu 

and characterized by discrete interactions with the immune system at all stages of disease 
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progression (55). During malignant transformation, cells obtain complex biological 

characteristics correlated with more efficient survival, invasion, metastasis, and evading the 

immune response. The transformed cells, through continuously evolving interactions, 

communicate with and alter the surrounding microenvironment consisting of ECM 

components, cytokines embedded in the ECM, and the stromal cells (e.g., fibroblasts, 

endothelial cells, adipocytes, and immune cells) (56,57). The resulting ECM remodeling 

crucially contributes to the abnormal tumor inflammatory pattern (12,57).  

1.4.1 Proteoglycans (PGs) and glycosaminoglycans (GAGs)  

The ECM is a complex network of macromolecules comprised of PGs and fibrous proteins. 

The composition is tissue-specific and plays a critical role in modulating cellular functions 

(58,59). Because multicellularity evolved independently in different multicellular lineages, the 

composition of ECM varies between multicellular structures; however, cell adhesion, cell-to-

cell communication and differentiation are common functions of the ECM (60). 

The ECM is composed of an interlocking mesh of fibrous proteins and GAGs (61). GAGs are 

carbohydrate polymers and mostly attached to ECM proteins to form PGs (hyaluronic acid is 

a notable exception). PGs have a net negative charge that attracts positively charged sodium 

ions (Na+), which attracts water molecules via osmosis, keeping the ECM and resident cells 

hydrated (62).  

PGs are complex molecules consisting of a protein core into which one or more GAG chains 

are covalently tethered. The bound GAGs can be heparan sulfate (HS), chondroitin sulfate 

(CS), dermatan sulfate (DS), or keratan sulfate (KS) type. In mammalian cells, PGs are 

associated with the plasma membranes, released into the ECM, or intracellularly localized. 

Presently, 45 PGs have been identified with each member characterized by alterability 

attributed to the protein core modifications and the type and different stoichiometry of the 

GAG chain substitutions (63). Thus, PGs have particular and multifaceted biological roles, 

including: (i) contributing to ECM superstructure (64); (ii) defining biochemical and 

physicochemical properties (64); (iii) acting as receptors of diverse responsiveness as well 

as a pool of various biologic effectors such as growth factors (65,66). 

1.4.2 Small Leucine Rich Proteoglycans (SLRPs)  

SLRPs, a diverse sub-group of PGs, are involved in matrix organization and regulation of cell 

growth and signaling. SLRPs are ubiquitously distributed in the ECM. It consists of 17 

members (Table 1) which are further categorized into five distinct classes based on their 

evolutionary protein conservation, leucine rich repeats (LRR), N-terminal cysteine rich 

clusters and chromosomal organization (67,68). The N-terminal Cysteine rich cluster consists 

of four characteristic cysteine residues with intervening short amino acid consensus 

sequences (67) (Table 1). SLRPs are synthesised and secreted into the pericellular spaces 

which then gets incorporated into the tissue ECM (69). A characteristic feature of SLRPs is 



7 
 

their ability to interact with extracellular receptors, such as tyrosine kinase receptors and toll-

like receptors (TLR), facilitated by the bare β-sheets present on the concave surface of their 

LRR.  

 

Table 1. Classification of SLRP with respective gene symbol. This classification is adapted 

from Schaefer et al. (67) and Appunni et al. (70). 

 Class 

Cys-rich 

cluster 

consensus 

SLRP 

Chromosome Binding partners 

I CX3CXCX6C 

Decorin (DCN) 

12 

MET (71), EGFR (72), 

VEGFR2 (73), TGF-β1 (74), 

TLR2/TLR4 (75,76) 

BGN 

X 

TLR2/TLR4 (77,78), 

P2X4/P2X7 (79), TGF-β1 

(21,80), LRP6 (81) 

Asporin (ASPN) 
9 

EGFR (82), CD44 (83), TGF-

β1 (84–86) 

ECM2 9   

II CX3CXCX9C 

Fibromodulin (FMOD) 
1 

EGFR (87), CD44, TGF-β1 

(88) 

Lumican (LUM) 
12 

ITGB1/ITGB2 (89), MMP14 

(90), EGFR (91) 

PRELP 1   

Keratocan (KERA) 12   

Osteomodulin (OMD) 9 BMP2 (92) 

III CX2CXCX6C 

Epiphycan (EPYC) 12   

Opticin (OPTC) 1   

Osteoglycin (OGN) 9   

IV 
CX3CXCX6-

17C 

Chondroadherin 

(CHAD) 17   

Nyctalopin (NYX) X   

Tsukushi (TSKU) 11 BMP4, BMP7 (93), CHRD (94) 

V 
CX3-

4CXCX9C 

Podocan (PODN) 1 CDKN1A (95) 

Podocan-like protein 1 

(PODNL1) 19   
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The gene expression of all these SLRPs were studied in HER-2/neu transformed NIH3T3 

cells and their expression profile is displayed in Figure 2. 

 

Figure 2: SLRP transcriptomic data of RNA-seq analysis from HER-2/neu overexpression in 

NIH3T3 mouse fibroblast cells. The heatmap projected that 14 were downregulated out of 16 

listed SLRPs upon the HER-2/neu overexpression. 

 

Among the downregulated SLRPs in the HER-2/neu transformed NIH3T3 cells, BGN 

expression was the lowest (log fold change of -15.89; unpublished data). Similar data were 

reported using a comparative proteomic approach of Ki-ras-transformed mouse fibroblasts 

and respective controls: BGN expression was downregulated when compared to parental 

NIH3T3 cells or mock transfectants (96). 

1.4.3 Structure and function of BGN 

BGN, a member of the SLRPs, is differentially expressed in tumors (70) and modulates 

molecular events relevant to either tumor progression (97–99) or suppression depending on 

the cancer type analyzed (21,77,100). The ubiquitously expressed BGN is one important 

structural and stabilizing component of the ECM. BGN is located on the X chromosome that 

is found in a variety of ECM tissues, including bone, cartilage and tendon (101).  

BGN consists of a protein core containing leucine-rich repeat regions and two GAG chains 

consisting of either CS or DS, with DS being more abundant in most connective tissues 

(Figure 3). The CS/DS chains are attached at amino acids 5 and 10 in human BGN (102). 

The composition of the GAG chains has been reported as varying according to the tissue of 

origin (103).  
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Figure 3: Basic structure of BGN (70) (A) and PyMOL rendering of PDB 2ft3 (B). BGN 

possess a curved solenoid shaped core protein comprising of 10–12 LRR motifs that are 

flanked on either side by cysteine rich clusters. BGN consist of two CS/DS residues along 

the N-terminal domains (N: Amino terminal; C: Carboxyl terminal). 

 

The structure of the BGN core protein is highly conserved across species; over 90% 

homology has been reported for rat, mouse, bovine and human BGN core proteins (104). 

DCN is a small cellular or pericellular matrix PG and shares homology (55 % of amino acids 

are identical) with BGN in mouse and human (105).  

BGN is believed to play a role in the mineralization of bone. Knock-out mice that have had 

the gene for BGN suppressed (Bgn-/-) have an osteoporosis-like phenotype with reduced 

growth rate and lower bone mass than mice that can express BGN (106). By interacting with 

different types of collagens and elastin, BGN is involved in the assembly of collagen fibrils 

and the bone matrix. BGN regulates complex cellular processes such as growth, 

differentiation, adhesion, migration, inflammatory reactions and angiogenesis. Soluble BGN 

can interact with the TLR2 and TLR4 on macrophages and thus for the activation of NF-κB, 

mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinases (ERK), 

stress-activated protein kinase (SAPK) and p38 signaling pathways and the synthesis and 

secretion of proinflammatory cytokines such as IL-1, CCL2, CXCL1, CCL5, TNF-α and 

IL12B (78,107). BGN core protein binds to the growth factors BMP4 and influences its 

bioactivity (108). It has also been reported that the presence of BGN is necessary for BMP4 

to exert its effects on osteoblasts. Like DCN, there is also evidence that BGN binds to 

TGFB1 (109). 

1.4.4 Differential expression and genetic alterations of BGN in tumors 

BGN expression was reduced or lost in breast, colon, ovarian and uterine corpus endometrial 

carcinoma (UCEC) compared to their normal counterparts (Figure 4) (110). In contrast, 

literature reports overexpression of BGN compared to corresponding normal tissue has been 
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demonstrated in pancreatic, colon, ovarian, cholangial, prostate, esophageal and 

endometrial carcinomas and melanoma (111). 

 

 

Figure 4: Expression of BGN across cancers (with tumor and normal samples) 

UALCAN (110)-based proteogenomic analysis for BGN expression in different cancer 

samples from the CPTAC (Clinical Proteomic Tumor Analysis Consortium) dataset was 

performed. The protein expression of BGN from normal and primary tumors was compared. 

The z-values represent standard deviations from the median across the samples. Log2 

spectral count ratio values from CPTAC were first normalized within each sample profile 

followed by normalization across samples.  

 

 

Figure 5: Cancer hallmarks and BGN. The therapeutic connection between BGN and key 

cancer hallmark genes. Based on TCGA data sets (https://www.cancer.gov/tcga; 

https://www.cancer.gov/tcga
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http://r2.amc.nl) of 11003 mixed cancer samples, the expression data of the BGN and key 

cancer hallmark genes that were negatively correlated were plotted. 

 

As per the TCGA data sets of 11003 mixed cancer samples, BGN play a crucial role in 

suppressing tumorigenesis, displayed a wide range of interactions with different key cancer 

hallmark genes (Figure 5). BGN controls tumorigenicity directly via the TLR2/4-NF-κB 

cascade or the P2X7-NLRP3-caspase-1 signaling pathway or indirectly via downstream 

mediators (77,78). This process is coupled with apoptosis resistance and increased 

production of growth factors and proinflammatory cytokines, which influences the TME and 

facilitates the migration of leukocytes into the peritumoral zone. The interaction of BGN with 

TLR2 stabilizes and increases HIF-2α (112), which influences tumor progression. In 

gastrointestinal tumors, BGN increases the migration and invasion of tumor cells by 

activating the focal adhesion kinase and inhibits apoptosis by regulating the p38 MAPK 

signaling pathway (97), while the depletion of BGN in endometrial and colorectal tumor cells 

resulted in reduced growth and a p21-mediated cell cycle arrest as well as reduced migration 

and invasion (113). The upregulation of BGN induced by TGF-β via p38 MAPK, indicating a 

connection between BGN and metastasis (114). In addition to altering signaling pathways, 

BGN also influences the biophysical properties of the matrix. Furthermore, BGN 

overexpression increases the rigidity of the matrix, which facilitates the migration of tumor 

cells and thus metastasis. Thus, at least in these tumor entities, BGN is involved in tumor 

progression, a prognostic marker as well as a potential therapeutic target. Due to the 

induction of a proinflammatory microenvironment and the interference with central signaling 

pathways in tumor cells, BGN was assigned a regulatory role in tumorigenesis (115). 

However, BGN has not only pro-tumorigenic functions but also a tumor-suppressive potential 

(Figure 6). Lack of BGN expression or blocking of BGN expression leads to increased 

proliferation and/or tumor progression in pancreatic carcinomas (113), while BGN expression 

in the bladder and pancreatic carcinoma cells is anti-proliferative works. Although high BGN 

expression levels in bladder cancer correlate with increased tumor grading and invasiveness, 

BGN expression is associated with better survival (100). In diffuse large B-cell lymphomas, 

BGN induces an intra-tumor inflammatory reaction and an increased autologous tumor 

response by establishing a TLR2/4-mediated, proinflammatory microenvironment, which is 

associated with a better prognosis and treatment response (116). 

Based on the discrepant results described a tumor cell type-specific and differentiation stage-

dependent role of BGN is postulated, caused by alterations of various signaling pathways. A 

BGN-mediated chronic inflammatory microenvironment can promote tumor growth. At the 

same time, acute inflammation inhibits malignant growth by administering BGN in 

established tumors, analogous to the effects of the DCN on TLR2/4 signal transduction 

http://r2.amc.nl/
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(117). Although BGN expression has essentially been detected in tumors, BGN can be 

secreted by tumor and stromal cells or released proteolytically from the host and tumor-

derived ECM (118).  

Cancer development and progression is associated with genetic alterations. Although many 

genomic events with direct phenotypic impact have been identified (119), the role of well-

known glycosylation-associated genes, like PG and GAG has not yet been studied in detail in 

cancers. On the other hand, the discrepant function of BGN in tumor development and 

progression depends on the tumor entity and is caused by alterations in the activity of 

various signaling pathways and immunogenicity (Figure 6). A multitude of mechanisms can 

contribute to the aberrant expression of PGs including oncogenic microRNA (miRNA) 

signatures (120). 

 

Figure 6: Dual function of BGN on tumorigenesis. 

1.5 miRNA mediated post-transcriptional regulation 

Post-transcriptional regulation controls are critical for the regulation of numerous genes in 

human tissues (121). It also plays a big role in cell physiology, being implicated in 

pathologies such as cancer and neurodegenerative diseases (122). miRNAs appear to 

regulate the expression of more than 60% of protein coding genes of the human genome 

(123). If a miRNA is abundant it can behave as a "switch", turning certain genes on or off 

(124). A miRNA is a small single-stranded non-coding RNA molecule (containing about 22 

nucleotides) found in plants, animals and some viruses (125). Several hundred target genes 
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are often repressed by a single miRNA (123,126). Repression usually occurs either through 

translational silencing of the mRNA or through degradation of the mRNA, via complementary 

binding, mostly to specific sequences in the 3' UTR of the target gene's mRNA (127).  

1.5.1 Role of the oncomir, miR-21 in TME 

The dysregulation of certain miRNAs has been associated with oncogenic events. Oncomir is 

a portmanteau, derived from "oncogenic" + "miRNA", coined by Scott M. Hammond in a 2006 

publication characterizing OncomiR-1 (128). Many different oncomirs have been identified in 

many types of human cancers (128). Oncomirs are associated with carcinogenesis, 

malignant transformation, and metastasis (128,129). In 2002, a down-regulation of miR-15a 

and miR-16-1 in B-cell chronic lymphocytic leukemia patients was reported as the first link 

between miRNA and cancer progression (130).  

The miRNA miR-21, the prototype of oncogenic miRNAs, is encoded on chromosome 

17q23.2, where it overlaps with the protein‐coding gene VMP1 (131,132). It is involved in 

mammary gland development and epithelial cell proliferation (133), but also in the initiation 

and progression of numerous tumor types (134). Significantly increased miR-21 expression 

levels were found in e.g., cervical cancer, laryngeal squamous cell carcinoma, colorectal 

cancer (CRC) and BC when compared to adjacent normal tissues (135–137), which was 

associated with an increased proliferation, migration, invasiveness and cisplatin resistance 

by targeting RBPMS, RCBTB1, ZNF608, and NAV3 genes (138,139).  

1.6 Declaration on the contribution to the publications 

I, Karthikeyan Subbarayan, was bringing the data sets together, planning the evaluations and 

performing all statistical analyses. In addition, I collaborated with Dr. Sandra Leisz, Dr. 

Chiara Massa and Dr. André Steven to plan basic molecular research and animal studies. 

Under Prof. Dr. Barbara Seliger’s correspondence and supervision, I contributed as a ‘First 

author’ to all three manuscripts. 
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1.7 Aims and objectives 

A relationship between the overexpression of miR-21-3p, impaired BGN and MHC class I 

expression and increased TGF-β signaling in HER-2/neu+ cells has not yet been analyzed. 

This dissertation discusses for the important role of BGN and miR-21-3p in the immune 

escape of murine and human HER-2/neu-overexpressing cells by modulating the MHC class 

I and TGF-β network. 

1. Investigating BGN-mediated modulation of MHC class I expression in murine and 

human HER-2/neu-overexpressing cells. 

2. Studying a link between the lack of BGN expression and impaired MHC class I 

expression in HER-2/neu+ cells. 

3. Identification of miR-21-3p/TGF-β signaling-driven immune escape via the MHC class 

I/BGN axis in tumor cells. 

4. Exploring the machinery behind the dual role of BGN by analyzing the influence of 

genetic alterations of BGN and its association with GAG synthesizing enzymes using 

computational models. 
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2 Discussion 

2.1. BGN-mediated upregulation of MHC class I expression in HER-2/neu cells 

HER-2/neu amplification and/or overexpression has been shown to be associated with 

altered growth properties and a reduced immunogenicity of tumors, which might be at least 

partially mediated by a HER-2/neu-induced downregulation of MHC class I surface 

expression due to transcriptional suppression of major APM components leading to escape 

from immune surveillance (140,141). Furthermore, the TME is accompanied by a reduced 

activation, migration and cytotoxic activity of T cells, while the frequency of immune 

suppressive cells, e.g., Treg, M2 macrophages and myeloid suppressor cells, is increased 

(142). Thus, there is an urgent need to recover the immune escape phenotype of tumors to 

enhance the efficacy of T cell-based immunotherapies (143). 

The SLRP BGN has a broad range of functions. It links soluble matrix with innate immune 

responses via TLR 2 and 4 thereby inducing “danger” signals (77,144). Furthermore, BGN 

has been shown to promote angiogenesis via VEGF signaling (145) and tumorigenesis via 

the wnt/β-catenin pathway (146). In contrast, HER-2/neu-transformed cells with high 

angiogenic activity expressed decreased levels of BGN in a PKI/CREB-dependent manner 

(147). This dissertation demonstrated that the lack of BGN expression in HER-2/neu 

transformants was associated with reduced MHC class I surface expression, which could be 

reverted by BGN overexpression or by the addition of exogenous BGN. In vivo, BGN 

overexpression in HER-2/neu+ cells resulted in reduced tumorigenicity of these cells in 

immune competent mice when compared to BGNlow/neg HER-2/neu+ cells suggesting that 

BGN acts as a tumor suppressor and enhances immunogenicity. This might be explained by 

a stronger immune cell infiltration as shown by an increased frequency of CD3+ cells and 

higher mRNA expression levels of CD3 and CD8 in BGNhigh vs BGNlow/neg HER-2/neu+ 

tumors. Particularly the presence of T cells (CD3+) and T cell subpopulations (CD8+) are 

indicators for a better prognosis (148), strongly suggesting that the anti-tumoral immune 

responses could be exploited as a therapeutic option. It is noteworthy that CD4 transcription 

was low in BGNhigh HER-2/neu+ cells. These data suggest that the reduced frequency and 

size of BGNhigh HER-2/neu+ tumors might be due to an increased immunogenicity of these 

cells accompanied by a strong infiltration of effector T cells when compared to BGNlow/neg 

HER-2/neu+ tumors. Since CD4 transcription was reduced in BGNhigh HER-2/neu+ tumors, 

one might speculate that BGN restoration downregulates the frequency of immune 

suppressive CD4+ FoxP3+ Treg. In addition, overexpression of BGN in HER-2/neu+ cells was 

accompanied by an upregulation of DCN expression suggesting a link between BGN and 

DCN expression. Treatment of BGNlow/neg HER-2/neu+ cells with recombinant BGN or DCN 

resulted in an upregulation of MHC class I surface antigens due to increased expression of 
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major APM components including TAP1 and TAP2 demonstrating that both SLRPs have an 

immune modulatory potential. 

Neoplastic malignancies often overexpress TGF-β and its receptor (149). In a murine neu-

driven BC model, TGF-β can accelerate metastasis formation possibly through the 

synergistic activation of PI3K/AKT and Ras/MAPK pathways with neu-dependent signaling 

(150). Furthermore, TGF-β signaling is activated in HER-2/neu-overexpressing BC cells 

(151), which is accompanied by increased tumor cell motility and metastatic progression. The 

crosstalk between HER-2 and TGF-β not only alters intracellular signaling in cancer cells, but 

also influences components of the TME through the induction of several pro-invasive growth 

factors. In BGNlow/neg HER-2/neu+ cells high transcript levels of TGF-β and of the TGF-β 

receptor were detected, while BGN expression in HER-2/neu+ cells reduced their expression. 

This is in line with the regulation of BGN by the ALK5-Smad2/3 TGF-β1 signaling pathway 

(152) and its function as a TGF-β repressor (153). Thus, BGN expression could be linked to 

changes in the TGF-β pathway known to negatively interfere with MHC class I surface 

expression (154) and anti-tumoral immune responses (155). These data confirm the TGF-β-

mediated escape from immune surveillance due to the downregulation of MHC class I 

expression (156) and an induction of the epithelial mesenchymal transition (156) as 

demonstrated by increased SNAIL expression and activation of MMP9 (157). Interestingly, 

TGF-β inhibition induced MHC class I expression in BGNlow/neg HER-2/neu+ cells. Such data 

highlight the important the role of microenvironmental TGF-β signaling on escape of tumor 

cells from immune surveillance leading to progression. 

On the other hand, DCN has also been shown to block TGF-β transcription and protein 

expression in glioblastoma cells, which was accompanied by a strong inhibition of tumor 

formation in vivo (158). DCN-expressing glioblastoma showed an altered TME characterized 

by an increased frequency of infiltrating T and B cells. Furthermore, the DCN-induced 

inhibition of TGF-β was accompanied by significantly enhanced anti-glioblastoma immune 

responses in tumor necrosis factor-α-converting enzyme signaling (158). These data are in 

line with our BGNhigh HER-2/neu model demonstrating an increased DCN expression in these 

cells. Thus, a better understanding of the contextual networks of BGN and DCN in tumors is 

required to modulate immunogenicity by targeting the MHC class I surface expression. 

TGF-β1 binds to its receptors (TGF-βRI and TGF-βR2) and induces the phosphorylation of 

the tumor necrosis factor-α-converting enzyme (TACE) (Figure 7), which resulted in its 

translocation to the cell surface, where TACE induces integrins and cleaves the EGFR pro-

ligands (159). EGFR ligands will initiate an autocrine and paracrine EGFR signaling, which is 

amplified in HER-2/neu-overexpressing cells (BGNlow/neg HER-2/neu+ cells). In BGNhigh HER-

2/neu+ cells, BGN and DCN bind to TGF-β1 and restrict HER-2/neu signaling, which might 

induce tumor suppression (Figure 7). It can be suggested that TGF-β by signaling via the 
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TGF-β receptor enhances the HER-2/neu-initiated signal transduction by increasing HER-

2/neu ligand shedding, HER-2/neu-containing heterodimers, and their cross talk with 

integrins (151).  

 

Figure 7. Schematic representation of BGN- and DCN-mediated inhibition of the TGF-β 

pathway and restriction of HER-2/neu signaling. TGF-β1 binds to its receptors (TGF-βRI and 

TGF-βR2) and induces phosphorylation of TACE, resulting in its translocation to the cell 

surface, where TACE induces integrins and cleaves EGFR pro-ligands. EGFR ligands will 

initiate autocrine and paracrine EGFR signaling, which is amplified in HER2-overexpressing 

cells (BGNlow/neg HER-2/neu+ cells). In BGNhigh HER-2/neu+ cells, BGN and DCN bind to TGF-

β1 and restricts HER-2/neu signaling, thus allowing tumor suppression to occur. 

 

In our study, an enhanced expression of TGF-β1 and its receptor TGF-βR1 was found in 

BGNlow HER-2/neu, which could be reverted to normal levels by BGN overexpression. Both 

BGN and DCN regulate the TGF-β availability in BGNhigh HER-2/neu cells. In BGNhigh HER-

2/neu+ cells, the amount of BGN and DCN in the ECM increases and both PGs bind to TGF-

β and sequester it to the ECM. In this way both DCN and BGN translocate TGF-β from the 

membrane thereby reducing the binding to its receptor resulting in a decreased TGF-β 

signaling and restricting HER-2/neu-mediated carcinogenic effects.  

 

2.2 miR-21-3p/TGF-β signaling-driven immune escape via the MHC class I/BGN axis 

The oncogenic miR-21 is overexpressed in many cancers, including BCs (160) and has often 

a prognostic value (139,161–169). It plays an important role by affecting the expression of 

cancer relevant genes involved in proliferation, migration and cell death (169–172) as well as 

in angiogenic activity, inflammatory responses and T cell activation (173–178). For example, 

miR-21 can be dynamically regulated after T cell activation by controlling the sustained 

activation of the MAPK and AKT-mTOR signaling pathways (179) and the PTEN/Akt pathway 

in response to T cell stimulation (180). However, miR-21 expression can be also increased in 

tumor suppressive immune cells, like tumor associated macrophages, known to be partially 
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responsible for promoting tumor growth, while its absence is accompanied by a decreased 

tumor growth (177). In addition, miR-21 is involved in the COX-2 inflammatory pathway, 

which promotes CRC progression and downregulates the tumor suppressor gene PDCD4 

(181). Thus, miR-21 expression and activity have a dual role and affects multiple physiologic 

and pathophysiologic functions in a context-dependent manner (178). This dissertation 

postulates that miR-21 induced by HER-2/neu transformation might emerge as a key player 

in immune evasion as postulated for other miRs (182–184). 

Therefore, the link between the immune modulatory role of BGN in HER-2/neu+ cells and 

miR-21-3p was explored in vitro and on tumor samples in vivo based on our previous work 

demonstrating a reduced tumorigenicity of BGNhigh HER-2/neu+ cells in DBA-1 mice (21). A 

downregulated miR-21-3p expression and a reduced TGF-β signaling was not only found in 

vitro, but also in tumor lesions of BGNhigh HER-2/neu+ cells suggesting that the enhanced 

immunogenicity of these cells might be mediated by a decline of miR-21-3p expression, 

which was further strengthened by a strong tumor infiltration of effector CD8+ T cells when 

compared to BGNlow/neg HER-2/neu+ tumors (21). This study therefore extended the 

oncogenic function of miR-21-3p to immune modulatory properties and showed for the first 

time a miR-21-3p-mediated downregulation of MHC class I surface antigens in different 

model systems, which is linked to an altered BGN expression and TGF-β signaling in HER-

2/neu+ cells. Our results suggest that HER-2/neu transformation induces the expression of 

miR-21-3p, which interferes with the expression of immune modulatory molecules thereby 

accelerating immune suppression and reducing tumor immunogenicity (Figure 8). 

 

Figure 8: miR-21-3p/TGF-β signaling-driven immune escape via the MHC class I/BGN axis 

 

MiR-21 targets important tumor suppressor genes as well as genes involved in 

carcinogenesis, such as SPRY2 (185), PTEN (186), RECK (187), TIMP3 (188), BCL2 (189) 
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and PDCD4 (190). For example, the knock down of miR-21-3p overexpression caused an 

increased PTEN expression associated with an increased apoptosis (191), while miR-21-3p 

inhibited the tumor suppressive function of the p53 dimer (192). Moreover, an immune 

suppressive effect of miR-21 was described by inhibiting e.g., the IFN-γ-induced STAT1 

signaling pathway (183,193). This dissertation reports for the first time that miR-21-3p targets 

a MHC class I APM component and an inhibitor of the TGF-β pathway thereby interfering 

with the MHC class I antigen expression (21): Targeting of the 3’ UTR of SMAD2 by murine 

miR-21-3p enhances the TGF-β signaling, which is accompanied by a reduced MHC class I 

surface expression (Figure 8). In human cells, hsa-miR-21-3p binds to the 3’UTR of the 

TAP1 subunit thereby restricting the peptide transport into the ER leading to an impaired 

peptide loading of MHC class I antigens. The oncogenic miR-21-3p is increased by HER-

2/neu transformation and linked to altered growth properties and a reduced immunogenicity 

of HER-2/neu+ tumors (140). Interestingly, the BGN-mediated overexpression in BGNlow/neg 

HER-2/neu+ cells induced MHC class I expression and reduced miR-21-3p thereby 

highlighting the critical role of miR-21-3p on the immune escape of tumor cells (Figure 8). 

These results were confirmed by TCGA data analysis demonstrating a significant correlation 

of miR-21-3p with HER-2/neu (ERBB2) expression with a reduced patients’ survival. The 

crosstalk between HER-2/neu and miR-21-3p alters the intracellular signaling in cancer cells 

by enhancing pro-invasive growth factors, like TGF-β, or inhibiting immune stimulatory 

factors, like BGN. In BGNlow/neg HER-2/neu+ cells high miR-21-3p transcript levels were 

detected, while BGN transfection into BGNlow/neg HER-2/neu+ cells reduced miR-21-3p 

expression. This is in line with the reduced expression of SMAD2 upon miR-21-3p 

overexpression and the promotion of the cell viability and proliferation of bovine mammary 

gland epithelial cells (133). Despite further in vitro and in vivo studies are required to 

elucidate the precise underlying molecular mechanisms of miR-21-3p in the tumor 

development, pharmacological targeting of the miRNA-PG-MHC class I axis as a novel 

innovative therapeutic concept for HER-2/neu+ cancers is suggested. 

In cancer, contradicting data exist regarding the clinical significance of BGN expression. In 

some tumors an increased BGN expression was linked to poor prognosis (194), whereas in 

others its overexpression was associated with inhibition of cancer cell growth and a good 

prognosis (113,195). The expression of BGN was increased in liver, ovarian, endometrial, 

pancreatic and gastric cancer (196) suggesting an important role of BGN in the pathogenesis 

of these malignancies. In contrast, several other studies demonstrated an anti-tumoral 

activity of BGN associated with anti-proliferative capacity. Similar results were obtained in 

our HER-2/neu model system suggesting that BGN has tumor suppressive activity, which 

might be associated with an increased immunogenicity. In silico analysis of TCGA data from 

BC patients demonstrated a prognostic value of BGN and DCN, which is in line with our in 
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vitro results. Based on these reports BGN displays very contradicting roles, which might 

depend on the cellular context.  

2.3 Prognostic associations of mutations in BGN and co-occurred GAG genes 

In the era of individualized therapies, grouping patients based on their co-association pattern 

of genetic alterations is the first step towards the implementation of genomics-based 

personalized medicine. Our report describes how the genetic alterations co-occur between 

PGs and CS/DS modification enzymes in every individual BC patient. 

Tumor cells display a wide range of glycosylation alterations compared to their non-

transformed counterparts and have already been described (197,198). Changes in the 

connective tissue within and around tumors are increasingly recognized as important 

contributors to tumor development and progression (199). A central role for PGs, containing 

at least one GAG chain, such as HS, DS, CS, or KS covalently attached to the protein core, 

has been described in tumors (200). Among PG family members, the expression profiles of 

DCN and/or BGN are well-studied in different cancers and have been associated with the 

clinical outcome of tumor patients (99,201,202). However, their tumor-suppressive or tumor-

promoting potential is controversially discussed. 

 

Figure 9: Using computational tools, this dissertation demonstrates a distinct association of 

BGN and DCN with sulfate modification enzymes in BC and glioma. The unique pattern of 

structural alterations and expression with clinical relevance was found for PGs and sulfate 
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modification enzymes in BC and glioma, which might help to identify high risk patients and to 

develop personalized therapeutics (203).  

 

In this study, the structural alterations of the ECM components BGN and DCN in BC with 

special emphasis on their GAG chains focusing on CHST and CS/DS modification enzymes 

were investigated. It is well-known that mutations and aberrant glycosylation occur in all 

major human cancers (198–200). BC was selected to unravel the distinct roles of BGN, DCN, 

CHST and CS/DS modification enzymes as the cancer entities have already been shown for 

the RNA-binding protein Musashi-1 (204) and STAT3 inhibitors (205). We have addressed 

the frequency of glycosylation modifications and structural abnormalities of CS/DS chains, 

BGN and DCN and their associations between genomic, transcriptomic and clinical features. 

Computational approaches allow to correlate gene expression with mutation rates in order to 

identify frequently mutated genes while eliminating many false-positive cells made in several 

single-tumor-type projects (206). A better understanding of the relevant alterations will help 

to identify glycan-based biomarkers with prognostic and diagnostic value. 

Using network analyses, the mechanisms of interaction among the different genes could be 

determined. For example, mutual exclusivity analyses have been published for K-RAS and 

p53 and co-occurred in pancreatic adenocarcinoma (log odds ratio = 1.599, p=0.006), where 

K-RAS and p53 were not neighboring genes (207). In our investigation, BGN and DCN were 

not neighboring genes; but many CS, DS and carbohydrate sulfotransferases enzymes were 

reported as neighboring genes of BGN and DCN. BGN was associated with CS modifying 

enzymes, CHSY3 and carbohydrate sulfotransferases, CHST15. Except for CHST4, all these 

CHST and CS/DS modification enzymes were directly interacting with BGN and DCN 

suggesting that the CHST and CS/DS modification enzymes influence and control the 

expression of BGN and DCN. BGN and DCN showed differential co-occurrence, while DCN 

co-occurs with DSE (Figure 9).  

Since we hypothesized that the prognostic effects may be influenced by mutations, the 

mutation rates of BGN, DCN and modification enzyme genes and their survival analyses 

were correlated with the patients’ survival by R2 Genomics. There is an association between 

the occurrence of mutations and poor patients’ outcome. No mutations were found in 

BGN/DCN and their co-occurred CHST and CS/DS modification enzymes in BC, which were 

linked with good clinical outcome of patients (Figure 9). Germ-line mutations in DCN and p53 

have been reported to cooperate in the transformation of lymphocytes and ultimately lead to 

a more aggressive phenotype by shortening the latency of lymphoma (208). BGN and their 

associated CHSY1 and CHST4 were also mutated in glioma (203), which was also in line 

with a statistically significant increase in variant allele frequency in melanoma and bladder 

cancer (209,210). The specificities of glycosylation and mutation depend on various intrinsic 
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factors of the glycosylation process within a given cell or tissue type (211). Cancer drivers 

identified only by integrating less frequent events across tumor types with mutations and 

copy number alterations (CNA) and aggregating genes using gene network and pathway 

analyses (212). 

BGN and their associated CHST and CS/DS modification enzymes were over-expressed in 

BC. However, overexpression of BGN in BC was correlated with higher patients’ survival. 

Many studies have already shown an association of BGN and DCN with cancer in the 

context of oncogenic (113,213) and anti-tumor properties (100,118,214). The changes in the 

glycosylation pattern of BGN and DCN will increase the molecular heterogeneity as well as 

the functional diversity (203,215). 

Targeting altered glycosylation as an immunotherapeutic strategy provides an appealing 

option for cancer treatment (216,217). While the HA-CD44 was the most studied GAG 

associations in cancer leading to an altered signal transduction (218,219), this dissertation 

reports here the first evidence of BGN and DCN interacting with different CHST and CS/DS 

modification enzymes. Understanding of the structure and specific biological roles of GAGs 

might lead to the development of novel therapeutic approaches, including the development of 

mimics as well as delivery systems for anti-cancer drugs targeting over-expressed BGN/DCN 

and their associated enzymes in the TME. Therefore, an increased knowledge of BGN/DCN 

and GAG chains in tumors of distinct origin is important for diagnosis, prognosis, drug 

delivery and design of novel treatment of tumor patients. 

  



23 
 

3 Bibliography 

1.  Bray F, Laversanne M, Weiderpass E, Soerjomataram I. The ever-increasing importance of 

cancer as a leading cause of premature death worldwide. Cancer [Internet]. 2021 [cited 2021 

Jun 29]; Available from: https://pubmed.ncbi.nlm.nih.gov/34086348/ 

2.  Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer 

statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 

185 countries. CA: A Cancer Journal for Clinicians [Internet]. 2021 Feb 4 [cited 2021 Apr 

1];caac.21660. Available from: https://onlinelibrary.wiley.com/doi/10.3322/caac.21660 

3.  Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: 

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. 

CA: a cancer journal for clinicians [Internet]. 2018 Nov [cited 2022 Mar 18];68(6):394–424. 

Available from: https://pubmed.ncbi.nlm.nih.gov/30207593/ 

4.  P. WILD C, WEIDERPASS E, W. STEWART B. World Cancer Report: Cancer research for 

cancer prevention. LYON: International Agency for Research on Cancer, WHO; 2020.  

5.  Annual Report 2019. Brussels: European Organisation of Research and Treatment of Cancer 

(EORTC); 2020.  

6.  Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA: A Cancer Journal for Clinicians 

[Internet]. 2016 Jan [cited 2021 Apr 1];66(1):7–30. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26742998/ 

7.  World Health Organization. Breast cancer. https://www.who.int/news-room/fact-

sheets/detail/breast-cancer. 2021.  

8.  Howlader N, Cronin KA, Kurian AW, Andridge R. Differences in Breast Cancer Survival by 

Molecular Subtypes in the United States. Cancer epidemiology, biomarkers & prevention : a 

publication of the American Association for Cancer Research, cosponsored by the American 

Society of Preventive Oncology [Internet]. 2018 Jun 1 [cited 2022 Mar 18];27(6):619–26. 

Available from: https://pubmed.ncbi.nlm.nih.gov/29593010/ 

9.  Manzari MT, Shamay Y, Kiguchi H, Rosen N, Scaltriti M, Heller DA. Targeted drug delivery 

strategies for precision medicines. Nature reviews Materials [Internet]. 2021 Apr 1 [cited 2022 

Mar 18];6(4):351–70. Available from: https://pubmed.ncbi.nlm.nih.gov/34950512/ 

10.  Esfahani K, Roudaia L, Buhlaiga N, del Rincon S v., Papneja N, Miller WH. A review of cancer 

immunotherapy: from the past, to the present, to the future. Current oncology (Toronto, Ont) 

[Internet]. 2020 [cited 2022 Mar 18];27(Suppl 2):87–97. Available from: 

https://pubmed.ncbi.nlm.nih.gov/32368178/ 

11.  Notable Developments. Science [Internet]. 2013 Dec 20 [cited 2021 Jun 29];342(6165):1444–

1444. Available from: https://pubmed.ncbi.nlm.nih.gov/24357296/ 

12.  Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation [Internet]. Vol. 144, Cell. 

Cell; 2011 [cited 2021 Apr 1]. p. 646–74. Available from: 

https://pubmed.ncbi.nlm.nih.gov/21376230/ 

13.  Wickenhauser C, Bethmann D, Kappler M, Eckert AW, Steven A, Bukur J, et al. Tumor 

microenvironment, HLA class I and APM expression in HPV-negative oral squamous cell 

carcinoma. Cancers [Internet]. 2021 Feb 2 [cited 2021 Jun 29];13(4):1–19. Available from: 

/pmc/articles/PMC7914856/ 



24 
 

14.  Lazaridou MF, Gonschorek E, Massa C, Friedrich M, Handke D, Mueller A, et al. Identification 

of miR-200a-5p targeting the peptide transporter TAP1 and its association with the clinical 

outcome of melanoma patients. OncoImmunology [Internet]. 2020 Jan 1 [cited 2021 Jun 

29];9(1). Available from: /pmc/articles/PMC7458634/ 

15.  Bukur J, Herrmann F, Handke D, Recktenwald C, Seliger B. Identification of E2F1 as an 

important transcription factor for the regulation of tapasin expression. The Journal of biological 

chemistry [Internet]. 2010 Oct 1 [cited 2018 Jan 31];285(40):30419–26. Available from: 

http://www.jbc.org/lookup/doi/10.1074/jbc.M109.094284 

16.  Respa A, Bukur J, Ferrone S, Pawelec G, Zhao Y, Wang E, et al. Association of IFN-γ signal 

transduction defects with impaired HLA class I antigen processing in melanoma cell lines. 

Clinical Cancer Research [Internet]. 2011 May 1 [cited 2021 Jun 29];17(9):2668–78. Available 

from: /pmc/articles/PMC3426200/ 

17.  Seliger B. Molecular mechanisms of MHC class I abnormalities and APM components in 

human tumors. In: Cancer Immunology, Immunotherapy [Internet]. Springer; 2008 [cited 2021 

Jun 29]. p. 1719–26. Available from: https://link.springer.com/article/10.1007/s00262-008-0515-

4 

18.  Ritz U, Seliger B. The transporter associated with antigen processing (TAP): Structural 

integrity, expression, function, and its clinical relevance. Molecular Medicine [Internet]. 2001 

[cited 2021 Jun 29];7(3):149–58. Available from: /pmc/articles/PMC1950029/?report=abstract 

19.  Bukur J, Jasinski S, Seliger B. The role of classical and non-classical HLA class I antigens in 

human tumors [Internet]. Vol. 22, Seminars in Cancer Biology. Semin Cancer Biol; 2012 [cited 

2021 Jun 29]. p. 350–8. Available from: https://pubmed.ncbi.nlm.nih.gov/22465194/ 

20.  Friedrich M, Vaxevanis CK, Biehl K, Mueller A, Seliger B. Targeting the coding sequence: 

opposing roles in regulating classical and non-classical MHC class I molecules by miR-16 and 

miR-744. Journal for immunotherapy of cancer [Internet]. 2020 Jun 1 [cited 2021 Jun 29];8(1). 

Available from: https://pubmed.ncbi.nlm.nih.gov/32571994/ 

21.  Subbarayan K, Leisz S, Wickenhauser C, Bethmann D, Massa C, Steven A, et al. Biglycan-

mediated upregulation of MHC class I expression in HER-2/neu-transformed cells. 

OncoImmunology [Internet]. 2018 Apr 3 [cited 2019 Dec 16];7(4):e1373233. Available from: 

https://www.tandfonline.com/doi/full/10.1080/2162402X.2017.1373233 

22.  Seliger B, Maeurer MJ, Ferrone S. Tap off - tumors on [Internet]. Vol. 18, Immunology Today. 

Elsevier Ltd; 1997 [cited 2021 Jun 29]. p. 292–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/9190116/ 

23.  Seliger B, Höhne A, Knuth A, Bernhard H, Ehring B, Tampé R, et al. Reduced membrane 

major histocompatibility complex class I density and stability in a subset of human renal cell 

carcinomas with low TAP and LMP expression. Clinical Cancer Research [Internet]. 1996 Aug 

[cited 2021 Jun 29];2(8):1427–33. Available from: https://pubmed.ncbi.nlm.nih.gov/9816317/ 

24.  Chang CC, Pirozzi G, Wen SH, Chung IH, Chiu BL, Errico S, et al. Multiple structural and 

epigenetic defects in the human leukocyte antigen class I antigen presentation pathway in a 

recurrent metastatic melanoma following immunotherapy. Journal of Biological Chemistry 

[Internet]. 2015 Oct 30 [cited 2021 Jun 29];290(44):26562–75. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26381407/ 

25.  Maeurer MJ, Gollin SM, Storkus WJ, Swaney W, Karbach J, Martin D, et al. Tumor escape 

from immune recognition: loss of HLA-A2 melanoma cell surface expression is associated with 



25 
 

a complex rearrangement of the short arm of chromosome 6. Clinical Cancer Research. 

1996;2(4).  

26.  Dhatchinamoorthy K, Colbert JD, Rock KL. Cancer Immune Evasion Through Loss of MHC 

Class I Antigen Presentation [Internet]. Vol. 12, Frontiers in Immunology. Frontiers Media S.A.; 

2021 [cited 2021 Jun 29]. Available from: https://pubmed.ncbi.nlm.nih.gov/33767702/ 

27.  Jensen PE. Recent advances in antigen processing and presentation. Nature immunology 

[Internet]. 2007 Oct [cited 2022 Mar 18];8(10):1041–8. Available from: 

https://pubmed.ncbi.nlm.nih.gov/17878914/ 

28.  Yewdell JW. The seven dirty little secrets of major histocompatibility complex class I antigen 

processing. Immunological reviews [Internet]. 2005 Oct [cited 2022 Mar 18];207:8–18. 

Available from: https://pubmed.ncbi.nlm.nih.gov/16181323/ 

29.  Abele R, Tampé R. Function of the transport complex TAP in cellular immune recognition. Vol. 

1461, Biochimica et Biophysica Acta - Biomembranes. Elsevier; 1999. p. 405–19.  

30.  Seliger B, Harders C, Lohmann S, Momburg F, Urlinger S, Tampé R, et al. Down-regulation of 

the MHC class I antigen-processing machinery after oncogenic transformation of murine 

fibroblasts. European journal of immunology [Internet]. 1998 Jan [cited 2018 Jan 

31];28(1):122–33. Available from: http://www.ncbi.nlm.nih.gov/pubmed/9485192 

31.  Herrmann F, Lehr H-A, Drexler I, Sutter G, Hengstler J, Wollscheid U, et al. HER-2/neu-

mediated regulation of components of the MHC class I antigen-processing pathway. Cancer 

research [Internet]. 2004 Jan 1 [cited 2018 Jan 31];64(1):215–20. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/14729627 

32.  Seliger B, Harders C, Wollscheid U, Staege MS, Reske-Kunz AB, Huber C. Suppression of 

MHC class I antigens in oncogenic transformants: association with decreased recognition by 

cytotoxic T lymphocytes. Experimental hematology [Internet]. 1996 Sep [cited 2018 Jan 

31];24(11):1275–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8862437 

33.  Donia M, Harbst K, van Buuren M, Kvistborg P, Lindberg MF, Andersen R, et al. Acquired 

Immune Resistance Follows Complete Tumor Regression without Loss of Target Antigens or 

IFNγ Signaling. Cancer research [Internet]. 2017 Sep 1 [cited 2018 Jan 31];77(17):4562–6. 

Available from: http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-16-3172 

34.  Seliger B, Ritz U, Abele R, Bock M, Tampé R, Sutter G, et al. Immune escape of melanoma: 

first evidence of structural alterations in two distinct components of the MHC class I antigen 

processing pathway. Cancer research [Internet]. 2001 Dec 15 [cited 2018 Jan 

31];61(24):8647–50. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11751378 

35.  Meidenbauer N, Zippelius A, Pittet MJ, Laumer M, Vogl S, Heymann J, et al. High frequency of 

functionally active Melan-a-specific T cells in a patient with progressive immunoproteasome-

deficient melanoma. Cancer research [Internet]. 2004 Sep 1 [cited 2018 Jan 31];64(17):6319–

26. Available from: http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-04-

1341 

36.  Reches A, Nachmani D, Berhani O, Duev-Cohen A, Shreibman D, Ophir Y, et al. HNRNPR 

Regulates the Expression of Classical and Nonclassical MHC Class I Proteins. Journal of 

immunology (Baltimore, Md : 1950) [Internet]. 2016 Jun 15 [cited 2018 Jan 31];196(12):4967–

76. Available from: http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.1501550 

37.  Eichmüller SB, Osen W, Mandelboim O, Seliger B. Immune Modulatory microRNAs Involved in 

Tumor Attack and Tumor Immune Escape. Journal of the National Cancer Institute [Internet]. 



26 
 

2017 Oct 1 [cited 2018 Jan 31];109(10). Available from: 

http://academic.oup.com/jnci/article/doi/10.1093/jnci/djx034/3105955/Immune-Modulatory-

microRNAs-Involved-in-Tumor 

38.  Lennicke C, Rahn J, Bukur J, Hochgräfe F, Wessjohann LA, Lichtenfels R, et al. Modulation of 

MHC class I surface expression in B16F10 melanoma cells by methylseleninic acid. 

OncoImmunology [Internet]. 2017 Jun 3 [cited 2019 Dec 4];6(6):e1259049. Available from: 

https://www.tandfonline.com/doi/full/10.1080/2162402X.2016.1259049 

39.  Stölzel F, Hackmann K, Kuithan F, Mohr B, Füssel M, Oelschlägel U, et al. Clonal evolution 

including partial loss of human leukocyte antigen genes favoring extramedullary acute myeloid 

leukemia relapse after matched related allogeneic hematopoietic stem cell transplantation. 

Transplantation [Internet]. 2012 Apr 15 [cited 2018 Jan 31];93(7):744–9. Available from: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00007890-

201204150-00013 

40.  Coussens L, Yang-Feng TL, Liao YC, Chen E, Gray A, McGrath J, et al. Tyrosine kinase 

receptor with extensive homology to EGF receptor shares chromosomal location with neu 

oncogene. Science [Internet]. 1985 [cited 2021 Apr 1];230(4730):1132–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/2999974/ 

41.  Mitri Z, Constantine T, O’Regan R. The HER2 Receptor in Breast Cancer: Pathophysiology, 

Clinical Use, and New Advances in Therapy. Chemotherapy Research and Practice [Internet]. 

2012 Dec 20 [cited 2021 Apr 1];2012:1–7. Available from: 

https://pubmed.ncbi.nlm.nih.gov/23320171/ 

42.  Burstein HJ. The Distinctive Nature of HER2-Positive Breast Cancers. New England Journal of 

Medicine [Internet]. 2005 Oct 20 [cited 2021 Jun 30];353(16):1652–4. Available from: 

https://pubmed.ncbi.nlm.nih.gov/16236735/ 

43.  Tan M, Yu D. Molecular mechanisms of ErbB2-mediated breast cancer chemoresistance 

[Internet]. Vol. 608, Advances in Experimental Medicine and Biology. Adv Exp Med Biol; 2007 

[cited 2021 Jun 30]. p. 119–29. Available from: https://pubmed.ncbi.nlm.nih.gov/17993237/ 

44.  Kumar V, K. Abbas A, C. Aster J. Robbins basic pathology. Philadelphia: Elsevier/Saunders; 

2013.  

45.  Santin AD, Bellone S, Roman JJ, McKenney JK, Pecorelli S. Trastuzumab treatment in 

patients with advanced or recurrent endometrial carcinoma overexpressing HER2/neu. 

International Journal of Gynecology and Obstetrics [Internet]. 2008 [cited 2021 Apr 

1];102(2):128–31. Available from: https://pubmed.ncbi.nlm.nih.gov/18555254/ 

46.  Buza N, Roque DM, Santin AD. HER2/neu in endometrial cancer: A promising therapeutic 

target with diagnostic challenges. Archives of Pathology and Laboratory Medicine [Internet]. 

2014 [cited 2021 Apr 1];138(3):343–50. Available from: 

https://pubmed.ncbi.nlm.nih.gov/24576030/ 

47.  Rüschoff J, Hanna W, Bilous M, Hofmann M, Osamura RY, Penault-Llorca F, et al. HER2 

testing in gastric cancer: A practical approach [Internet]. Vol. 25, Modern Pathology. Mod 

Pathol; 2012 [cited 2021 Apr 1]. p. 637–50. Available from: 

https://pubmed.ncbi.nlm.nih.gov/22222640/ 

48.  Meza-Junco J, Au HJ, Sawyer MB. Critical appraisal of trastuzumab in treatment of advanced 

stomach cancer [Internet]. Vol. 3, Cancer Management and Research. Cancer Manag Res; 

2011 [cited 2021 Apr 1]. p. 57–64. Available from: https://pubmed.ncbi.nlm.nih.gov/21556317/ 



27 
 

49.  Chiosea SI, Williams L, Griffith CC, Thompson LDR, Weinreb I, Bauman JE, et al. Molecular 

characterization of apocrine salivary duct carcinoma. American Journal of Surgical Pathology 

[Internet]. 2015 May 26 [cited 2021 Apr 1];39(6):744–52. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25723113/ 

50.  Nagy P, Jenei A, Kirsch AK, Szöllosi J, Damjanovich S, Jovin TM. Activation-dependent 

clustering of the erbB2 receptor tyrosine kinase detected by scanning near-field optical 

microscopy. Journal of Cell Science. 1999;112(11):1733–41.  

51.  Lv ZD, Kong B, Li JG, Qu HL, Wang XG, Cao WH, et al. Transforming growth factor-β 1 

enhances the invasiveness of breast cancer cells by inducing a Smad2-dependent epithelial-to-

mesenchymal transition. Oncology Reports [Internet]. 2013 Jan [cited 2021 Jun 30];29(1):219–

25. Available from: https://pubmed.ncbi.nlm.nih.gov/23129177/ 

52.  Zou W. Regulatory T cells, tumour immunity and immunotherapy [Internet]. Vol. 6, Nature 

Reviews Immunology. Nat Rev Immunol; 2006 [cited 2021 Jun 30]. p. 295–307. Available from: 

https://pubmed.ncbi.nlm.nih.gov/16557261/ 

53.  Pinkas J, Teicher BA. TGF-β in cancer and as a therapeutic target [Internet]. Vol. 72, 

Biochemical Pharmacology. Elsevier Inc.; 2006 [cited 2021 Jun 30]. p. 523–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/16620790/ 

54.  Wilson CA, Cajulis EE, Green JL, Olsen TM, Chung YA h., Damore MA, et al. HER-2 

overexpression differentially alters transforming growth factor-beta responses in luminal versus 

mesenchymal human breast cancer cells. Breast cancer research : BCR [Internet]. 2005 [cited 

2021 Jun 30];7(6):R1058–79. Available from: https://pubmed.ncbi.nlm.nih.gov/16457687/ 

55.  Grivennikov SI, Greten FR, Karin M. Immunity, Inflammation, and Cancer [Internet]. Vol. 140, 

Cell. Cell; 2010 [cited 2021 May 12]. p. 883–99. Available from: 

https://pubmed.ncbi.nlm.nih.gov/20303878/ 

56.  Nikitovic D, Corsini E, Kouretas D, Tsatsakis A, Tzanakakis G. ROS-major mediators of 

extracellular matrix remodeling during tumor progression. Food and Chemical Toxicology 

[Internet]. 2013 Nov [cited 2021 May 12];61:178–86. Available from: 

https://pubmed.ncbi.nlm.nih.gov/23792086/ 

57.  Nikitovic D, Berdiaki A, Spyridaki I, Krasanakis T, Tsatsakis A, Tzanakakis GN. Proteoglycans-

Biomarkers and targets in cancer therapy [Internet]. Vol. 9, Frontiers in Endocrinology. 

Frontiers Media S.A.; 2018 [cited 2021 May 12]. Available from: 

https://pubmed.ncbi.nlm.nih.gov/29559954/ 

58.  Paolillo M, Schinelli S. Extracellular matrix alterations in metastatic processes [Internet]. Vol. 

20, International Journal of Molecular Sciences. MDPI AG; 2019 [cited 2021 Jun 30]. Available 

from: https://pubmed.ncbi.nlm.nih.gov/31591367/ 

59.  Mongiat M, Buraschi S, Andreuzzi E, Neill T, Iozzo R v. Extracellular matrix: The gatekeeper of 

tumor angiogenesis [Internet]. Vol. 47, Biochemical Society Transactions. Portland Press Ltd; 

2019 [cited 2021 Jun 30]. p. 1543–55. Available from: 

https://pubmed.ncbi.nlm.nih.gov/31652436/ 

60.  Abedin M, King N. Diverse evolutionary paths to cell adhesion [Internet]. Vol. 20, Trends in Cell 

Biology. Trends Cell Biol; 2010 [cited 2021 Jun 30]. p. 734–42. Available from: 

https://pubmed.ncbi.nlm.nih.gov/20817460/ 

61.  Hsiao FSH, Sutandy FR, Syu G da, Chen YW, Lin JM, Chen CS. Systematic protein 

interactome analysis of glycosaminoglycans revealed YcbS as a novel bacterial virulence 



28 
 

factor. Scientific Reports [Internet]. 2016 Jun 21 [cited 2021 Jun 30];6(1):1–10. Available from: 

www.nature.com/scientificreports 

62.  Wang X, Xu H, Huang Y, Gu S, Jiang JX. Coupling Effect of Water and Proteoglycans on the in 

Situ Toughness of Bone. Journal of Bone and Mineral Research [Internet]. 2016 May 1 [cited 

2021 Jun 30];31(5):1026–9. Available from: /pmc/articles/PMC4862903/ 

63.  Iozzo R v., Schaefer L. Proteoglycan form and function: A comprehensive nomenclature of 

proteoglycans. Matrix biology : journal of the International Society for Matrix Biology [Internet]. 

2015 Mar 1 [cited 2022 Mar 18];42:11–55. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25701227/ 

64.  Marchand M, Monnot C, Muller L, Germain S. Extracellular matrix scaffolding in angiogenesis 

and capillary homeostasis [Internet]. Vol. 89, Seminars in Cell and Developmental Biology. 

Elsevier Ltd; 2019 [cited 2021 May 12]. p. 147–56. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30165150/ 

65.  Aggelidakis J, Berdiaki A, Nikitovic D, Papoutsidakis A, Papachristou DJ, Tsatsakis AM, et al. 

Biglycan regulates MG63 osteosarcoma cell growth through a Lpr6/β-catenin/IGFR-IR 

signaling axis. Frontiers in Oncology [Internet]. 2018 [cited 2021 May 12];8(OCT). Available 

from: https://pubmed.ncbi.nlm.nih.gov/30406034/ 

66.  Tzanakakis G, Neagu M, Tsatsakis A, Nikitovic D. Proteoglycans and immunobiology of 

cancer-therapeutic implications [Internet]. Vol. 10, Frontiers in Immunology. Frontiers Media 

S.A.; 2019 [cited 2021 May 12]. Available from: https://pubmed.ncbi.nlm.nih.gov/31068944/ 

67.  Schaefer L, Iozzo R v. Biological functions of the small leucine-rich proteoglycans: from 

genetics to signal transduction. The Journal of biological chemistry [Internet]. 2008 Aug 1 [cited 

2022 Mar 18];283(31):21305–9. Available from: https://pubmed.ncbi.nlm.nih.gov/18463092/ 

68.  Nikitovic D, Aggelidakis J, Young MF, Iozzo R v., Karamanos NK, Tzanakakis GN. The biology 

of small leucine-rich proteoglycans in bone pathophysiology. The Journal of biological 

chemistry [Internet]. 2012 Oct 5 [cited 2022 Mar 18];287(41):33926–33. Available from: 

https://pubmed.ncbi.nlm.nih.gov/22879588/ 

69.  Merline R, Schaefer RM, Schaefer L. The matricellular functions of small leucine-rich 

proteoglycans (SLRPs). Journal of cell communication and signaling [Internet]. 2009 [cited 

2022 Mar 18];3(3–4):323–35. Available from: https://pubmed.ncbi.nlm.nih.gov/19809894/ 

70.  Appunni S, Anand V, Khandelwal M, Gupta N, Rubens M, Sharma A. Small Leucine Rich 

Proteoglycans (decorin, biglycan and lumican) in cancer [Internet]. Vol. 491, Clinica Chimica 

Acta. Elsevier B.V.; 2019 [cited 2021 Jun 30]. p. 1–7. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30629950/ 

71.  Goldoni S, Humphries A, Nyström A, Sattar S, Owens RT, McQuillan DJ, et al. Decorin is a 

novel antagonistic ligand of the Met receptor. The Journal of cell biology [Internet]. 2009 May 

18 [cited 2022 Mar 2];185(4):743–54. Available from: 

https://pubmed.ncbi.nlm.nih.gov/19433454/ 

72.  Zhu JX, Goldoni S, Bix G, Owens RT, McQuillan DJ, Reed C, et al. Decorin evokes protracted 

internalization and degradation of the epidermal growth factor receptor via caveolar 

endocytosis. The Journal of biological chemistry [Internet]. 2005 Sep 16 [cited 2022 Mar 

2];280(37):32468–79. Available from: https://pubmed.ncbi.nlm.nih.gov/15994311/ 



29 
 

73.  Neill T, Schaefer L, Iozzo R v. Decorin: a guardian from the matrix. The American journal of 

pathology [Internet]. 2012 Aug [cited 2017 Nov 21];181(2):380–7. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0002944012004142 

74.  Yamaguchi Y, Mann DM, Ruoslahti E. Negative regulation of transforming growth factor-beta 

by the proteoglycan decorin. Nature [Internet]. 1990 [cited 2022 Mar 2];346(6281):281–4. 

Available from: https://pubmed.ncbi.nlm.nih.gov/2374594/ 

75.  Merline R, Moreth K, Beckmann J, Nastase M v., Zeng-Brouwers J, Tralhão JG, et al. Signaling 

by the Matrix Proteoglycan Decorin Controls Inflammation and Cancer through PDCD4 and 

microRNA-21. Science signaling [Internet]. 2011 Nov 15 [cited 2022 Mar 2];4(199):ra75. 

Available from: /pmc/articles/PMC5029092/ 

76.  Diehl V, Huber LS, Trebicka J, Wygrecka M, Iozzo R v., Schaefer L. The Role of Decorin and 

Biglycan Signaling in Tumorigenesis. Frontiers in oncology [Internet]. 2021 Nov 30 [cited 2022 

Mar 2];11. Available from: https://pubmed.ncbi.nlm.nih.gov/34917515/ 

77.  Schaefer L, Babelova A, Kiss E, Hausser H-J, Baliova M, Krzyzankova M, et al. The matrix 

component biglycan is proinflammatory and signals through Toll-like receptors 4 and 2 in 

macrophages. The Journal of clinical investigation [Internet]. 2005 Aug 1 [cited 2018 Jan 

31];115(8):2223–33. Available from: http://www.jci.org/articles/view/23755 

78.  Zeng-Brouwers J, Beckmann J, Nastase M-V, Iozzo R v, Schaefer L. De novo expression of 

circulating biglycan evokes an innate inflammatory tissue response via MyD88/TRIF pathways. 

Matrix biology : journal of the International Society for Matrix Biology [Internet]. 2014 Apr [cited 

2018 Jan 31];35:132–42. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0945053X13001716 

79.  Babelova A, Moreth K, Tsalastra-Greul W, Zeng-Brouwers J, Eickelberg O, Young MF, et al. 

Biglycan, a danger signal that activates the NLRP3 inflammasome via toll-like and P2X 

receptors. The Journal of biological chemistry [Internet]. 2009 Sep 4 [cited 2022 Mar 

2];284(36):24035–48. Available from: https://pubmed.ncbi.nlm.nih.gov/19605353/ 

80.  Subbarayan K, Massa C, Lazaridou M, Ulagappan K, Seliger B. Identification of a novel miR-

21-3p/TGF-β signaling-driven immune escape via the MHC class I/biglycan axis in tumor cells. 

Clinical and translational medicine [Internet]. 2021 Mar [cited 2022 Mar 18];11(3). Available 

from: https://pubmed.ncbi.nlm.nih.gov/33783999/ 

81.  Berendsen AD, Fisher LW, Kilts TM, Owens RT, Robey PG, Gutkind JS, et al. Modulation of 

canonical Wnt signaling by the extracellular matrix component biglycan. Proceedings of the 

National Academy of Sciences of the United States of America [Internet]. 2011 Oct 11 [cited 

2022 Mar 2];108(41):17022–7. Available from: https://pubmed.ncbi.nlm.nih.gov/21969569/ 

82.  Wu H, Jing X, Cheng X, He Y, Hu L, Wu H, et al. Asporin enhances colorectal cancer 

metastasis through activating the EGFR/src/cortactin signaling pathway. Oncotarget [Internet]. 

2016 [cited 2022 Mar 2];7(45):73402–13. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27705916/ 

83.  Wang L, Wu H, Wang L, Zhang H, Lu J, Liang Z, et al. Asporin promotes pancreatic cancer cell 

invasion and migration by regulating the epithelial-to-mesenchymal transition (EMT) through 

both autocrine and paracrine mechanisms. Cancer letters [Internet]. 2017 Jul 10 [cited 2022 

Mar 2];398:24–36. Available from: https://pubmed.ncbi.nlm.nih.gov/28400334/ 

84.  Zhan S, Li J, Ge W. Multifaceted Roles of Asporin in Cancer: Current Understanding. Frontiers 

in oncology [Internet]. 2019 Sep 1 [cited 2022 Mar 2];9(SEP). Available from: 

https://pubmed.ncbi.nlm.nih.gov/31608236/ 



30 
 

85.  Huang S, Lai X, Yang L, Ye F, Huang C, Qiu Y, et al. Asporin Promotes TGF-β-induced Lung 

Myofibroblast Differentiation by Facilitating Rab11-Dependent Recycling of TβRI. American 

journal of respiratory cell and molecular biology [Internet]. 2022 Feb 1 [cited 2022 Mar 

2];66(2):158–70. Available from: https://pubmed.ncbi.nlm.nih.gov/34705621/ 

86.  Liu L, Zhao C, Zhang H, Lu Y, Luo B, Yao Z, et al. Asporin regulated by miR-26b-5p mediates 

chondrocyte senescence and exacerbates osteoarthritis progression via TGF-β1/Smad2 

pathway. Rheumatology (Oxford, England) [Internet]. 2021 Sep 24 [cited 2022 Mar 2]; 

Available from: https://pubmed.ncbi.nlm.nih.gov/34559207/ 

87.  Feng S, Gao Y, Yin D, Lv L, Wen Y, Li Z, et al. Identification of Lumican and Fibromodulin as 

Hub Genes Associated with Accumulation of Extracellular Matrix in Diabetic Nephropathy. 

Kidney & blood pressure research [Internet]. 2021 Jun 1 [cited 2022 Mar 18];46(3):275–85. 

Available from: https://pubmed.ncbi.nlm.nih.gov/33887734/ 

88.  Pourhanifeh MH, Mohammadi R, Noruzi S, Hosseini SA, Fanoudi S, Mohamadi Y, et al. The 

role of fibromodulin in cancer pathogenesis: implications for diagnosis and therapy. Cancer cell 

international [Internet]. 2019 Jun 10 [cited 2022 Mar 18];19(1). Available from: 

https://pubmed.ncbi.nlm.nih.gov/31198406/ 

89.  Zhao Y, Li X, Xu X, He Z, Cui L, Lv X. Lumican alleviates hypertrophic scarring by suppressing 

integrin-FAK signaling. Biochemical and biophysical research communications [Internet]. 2016 

Nov 11 [cited 2022 Mar 2];480(2):153–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27693693/ 

90.  Pietraszek K, Chatron-Colliet A, Brézillon S, Perreau C, Jakubiak-Augustyn A, Krotkiewski H, 

et al. Lumican: a new inhibitor of matrix metalloproteinase-14 activity. FEBS letters [Internet]. 

2014 Nov 28 [cited 2022 Mar 2];588(23):4319–24. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25304424/ 

91.  Li X, Kang Y, Roife D, Lee Y, Pratt M, Perez MR, et al. Prolonged exposure to extracellular 

lumican restrains pancreatic adenocarcinoma growth. Oncogene [Internet]. 2017 May 22 [cited 

2022 Mar 2];36(38):5432–8. Available from: https://pubmed.ncbi.nlm.nih.gov/28534517/ 

92.  Lin W, Zhu X, Gao L, Mao M, Gao D, Huang Z. Osteomodulin positively regulates 

osteogenesis through interaction with BMP2. Cell death & disease [Internet]. 2021 Feb 1 [cited 

2022 Mar 2];12(2). Available from: https://pubmed.ncbi.nlm.nih.gov/33542209/ 

93.  Miwa T, Ohta K, Ito N, Hattori S, Miyakawa T, Takeo T, et al. Tsukushi is essential for the 

development of the inner ear. Molecular brain [Internet]. 2020 Mar 3 [cited 2022 Mar 2];13(1). 

Available from: https://pubmed.ncbi.nlm.nih.gov/32127020/ 

94.  Ohta K, Lupo G, Kuriyama S, Keynes R, Holt CE, Harris WA, et al. Tsukushi functions as an 

organizer inducer by inhibition of BMP activity in cooperation with chordin. Developmental cell 

[Internet]. 2004 Sep [cited 2022 Mar 2];7(3):347–58. Available from: 

https://pubmed.ncbi.nlm.nih.gov/15363410/ 

95.  Shimizu-Hirota R, Sasamura H, Kuroda M, Kobayashi E, Saruta T. Functional characterization 

of podocan, a member of a new class in the small leucine-rich repeat protein family. FEBS 

letters [Internet]. 2004 Apr 9 [cited 2022 Mar 2];563(1–3):69–74. Available from: 

https://pubmed.ncbi.nlm.nih.gov/15063725/ 

96.  Recktenwald C v., Mendler S, Lichtenfels R, Kellner R, Seliger B. Influence ofKi-ras-driven 

oncogenic transformation on the protein network of murine fibroblasts. PROTEOMICS 

[Internet]. 2007 Feb 1 [cited 2019 Dec 13];7(3):385–98. Available from: 

http://doi.wiley.com/10.1002/pmic.200600506 



31 
 

97.  Hu L, Duan Y-T, Li J-F, Su L-P, Yan M, Zhu Z-G, et al. Biglycan enhances gastric cancer 

invasion by activating FAK signaling pathway. Oncotarget [Internet]. 2014 Apr 15 [cited 2018 

Jan 31];5(7):1885–96. Available from: http://www.oncotarget.com/fulltext/1871 

98.  Liu Y, Li W, Li X, Tai Y, Lü Q, Yang N, et al. Expression and significance of biglycan in 

endometrial cancer. Archives of gynecology and obstetrics [Internet]. 2014 Mar [cited 2022 Mar 

18];289(3):649–55. Available from: https://pubmed.ncbi.nlm.nih.gov/24013431/ 

99.  Zhu Y-H, Yang F, Zhang S-S, Zeng T-T, Xie X, Guan X-Y. High expression of biglycan is 

associated with poor prognosis in patients with esophageal squamous cell carcinoma. 

International journal of clinical and experimental pathology [Internet]. 2013 [cited 2018 Apr 

28];6(11):2497–505. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24228112 

100.  Niedworok C, Röck K, Kretschmer I, Freudenberger T, Nagy N, Szarvas T, et al. Inhibitory role 

of the small leucine-rich proteoglycan biglycan in bladder cancer. Karamanos NK, editor. PloS 

one [Internet]. 2013 Nov 6 [cited 2018 Jan 31];8(11):e80084. Available from: 

http://dx.plos.org/10.1371/journal.pone.0080084 

101.  Traupe H, van den Ouweland AMW, van Oost BA, Vogel W, Vetter U, Warren ST, et al. Fine 

mapping of the human biglycan (BGN) gene within the Xq28 region employing a hybrid cell 

panel. Genomics [Internet]. 1992 [cited 2021 Jun 30];13(2):481–3. Available from: 

https://pubmed.ncbi.nlm.nih.gov/1612609/ 

102.  Roughley PJ, White RJ. Dermatan sulphate proteoglycans of human articular cartilage. The 

properties of dermatan sulphate proteoglycans I and II. Biochemical Journal [Internet]. 1989 

[cited 2021 Jun 30];262(3):823–7. Available from: https://pubmed.ncbi.nlm.nih.gov/2590169/ 

103.  Roughley PJ, White RJ, Magny MC, Liu J, Pearce RH, Mort JS. Non-proteoglycan forms of 

biglycan increase with age in human articular cartilage. Biochemical Journal [Internet]. 1993 

[cited 2021 Jun 30];295(2):421–6. Available from: https://pubmed.ncbi.nlm.nih.gov/8240239/ 

104.  Cheng F, Heinegård D, Malmström A, Schmidtchen A, Yoshida K, Fransson LA. Patterns of 

uronosyl epimerization and 4-/6-0-sulphation in chondroitin/dermatan sulphate from decorin 

and biglycan of various bovine tissues. Glycobiology [Internet]. 1994 Oct [cited 2021 Jun 

30];4(5):685–96. Available from: https://pubmed.ncbi.nlm.nih.gov/7881183/ 

105.  Fisher LW, Termine JD, Young MF. Deduced protein sequence of bone small proteoglycan I 

(biglycan) shows homology with proteoglycan II (decorin) and several nonconnective tissue 

proteins in a variety of species. Journal of Biological Chemistry. 1989;264(8):4571–6.  

106.  Xu T, Bianco P, Fisher LW, Longenecker G, Smith E, Goldstein S, et al. Targeted disruption of 

the biglycan gene leads to an osteoporosis-like phenotype in mice. Nature Genetics [Internet]. 

1998 [cited 2021 Jun 30];20(1):78–82. Available from: 

https://pubmed.ncbi.nlm.nih.gov/9731537/ 

107.  Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, Krzyzankova M, et al. The matrix 

component biglycan is proinflammatory and signals through Toll-like receptors 4 and 2 in 

macrophages. Journal of Clinical Investigation [Internet]. 2005 Aug [cited 2021 Jun 

28];115(8):2223–33. Available from: https://pubmed.ncbi.nlm.nih.gov/16025156/ 

108.  Moreno M, Muñoz R, Aroca F, Labarca M, Brandan E, Larraín J. Biglycan is a new extracellular 

component of the Chordin-BMP4 signaling pathway. EMBO Journal [Internet]. 2005 Apr 6 

[cited 2021 Jun 30];24(7):1397–405. Available from: 

https://pubmed.ncbi.nlm.nih.gov/15775969/ 



32 
 

109.  Chen X-D, Fisher LW, Robey PG, Young MF. The small leucine‐rich proteoglycan biglycan 

modulates BMP‐4‐induced osteoblast differentiation. The FASEB Journal [Internet]. 2004 Jun 

[cited 2021 Jun 30];18(9):948–58. Available from: https://pubmed.ncbi.nlm.nih.gov/15173106/ 

110.  Chen F, Chandrashekar DS, Varambally S, Creighton CJ. Pan-cancer molecular subtypes 

revealed by mass-spectrometry-based proteomic characterization of more than 500 human 

cancers. Nature Communications [Internet]. 2019 Dec 1 [cited 2021 Jul 1];10(1). Available 

from: https://pubmed.ncbi.nlm.nih.gov/31831737/ 

111.  Gu X, Ma Y, Xiao J, Zheng H, Song C, Gong Y, et al. Up-regulated biglycan expression 

correlates with the malignancy in human colorectal cancers. Clinical and Experimental 

Medicine [Internet]. 2012 Sep [cited 2021 Jun 28];12(3):195–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/21879307/ 

112.  Frey H, Moreth K, Hsieh LTH, Zeng-Brouwers J, Rathkolb B, Fuchs H, et al. A novel biological 

function of soluble biglycan: Induction of erythropoietin production and polycythemia. 

Glycoconjugate Journal [Internet]. 2017 Jun 1 [cited 2021 Jun 30];34(3):393–404. Available 

from: https://pubmed.ncbi.nlm.nih.gov/27600268/ 

113.  Weber CK, Sommer G, Michl P, Fensterer H, Weimer M, Gansauge F, et al. Biglycan is 

overexpressed in pancreatic cancer and induces G1-arrest in pancreatic cancer cell lines. 

Gastroenterology [Internet]. 2001 [cited 2021 Jun 28];121(3):657–67. Available from: 

https://pubmed.ncbi.nlm.nih.gov/11522750/ 

114.  Ungefroren H, Lenschow W, Chen W bin, Faendrich F, Kalthoff H. Regulation of biglycan gene 

expression by transforming growth factor-β requires MKK6-p38 mitogen-activated protein 

kinase signaling downstream of Smad signaling. Journal of Biological Chemistry [Internet]. 

2003 Mar 28 [cited 2021 Jun 30];278(13):11041–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/12538652/ 

115.  Korpetinou A, Papachristou DJ, Lampropoulou A, Bouris P, Labropoulou VT, Noulas A, et al. 

Increased expression of serglycin in specific carcinomas and aggressive cancer cell lines. 

BioMed Research International [Internet]. 2015 [cited 2021 Jun 30];2015. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26581653/ 

116.  Tsidulko AY, Matskova L, Astakhova LA, Ernberg I, Grigorieva E v. Proteoglycan expression 

correlates with the phenotype of malignant and non-malignant EBV-positive B-cell lines. 

Oncotarget [Internet]. 2015 Dec 22 [cited 2018 Jan 31];6(41):43529–39. Available from: 

http://www.oncotarget.com/fulltext/5984 

117.  Schaefer L, Tredup C, Gubbiotti MA, Iozzo R v. Proteoglycan neofunctions: regulation of 

inflammation and autophagy in cancer biology [Internet]. Vol. 284, FEBS Journal. Blackwell 

Publishing Ltd; 2017 [cited 2021 Jun 30]. p. 10–26. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27860287/ 

118.  Bischof AG, Yüksel D, Mammoto T, Mammoto A, Krause S, Ingber DE. Breast cancer 

normalization induced by embryonic mesenchyme is mediated by extracellular matrix biglycan. 

Integrative biology : quantitative biosciences from nano to macro [Internet]. 2013 Aug [cited 

2017 Nov 21];5(8):1045–56. Available from: http://xlink.rsc.org/?DOI=c3ib40103k 

119.  Curtis C, Shah SP, Chin S-F, Turashvili G, Rueda OM, Dunning MJ, et al. The genomic and 

transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. Nature [Internet]. 

2012 Apr 18 [cited 2017 Dec 1];486(7403):346–52. Available from: 

http://www.nature.com/doifinder/10.1038/nature10983 



33 
 

120.  Ibrahim SA, Hassan H, Götte M. MicroRNA regulation of proteoglycan function in cancer. 

FEBS Journal [Internet]. 2014 Nov 1 [cited 2020 May 9];281(22):5009–22. Available from: 

http://doi.wiley.com/10.1111/febs.13026 

121.  Franks A, Airoldi E, Slavov N. Post-transcriptional regulation across human tissues. PLoS 

Computational Biology [Internet]. 2017 May 1 [cited 2021 Jun 30];13(5). Available from: 

https://pubmed.ncbi.nlm.nih.gov/28481885/ 

122.  Dassi E. Handshakes and fights: The regulatory interplay of RNA-binding proteins [Internet]. 

Vol. 4, Frontiers in Molecular Biosciences. Frontiers Media S.A.; 2017 [cited 2021 Jun 30]. 

Available from: https://pubmed.ncbi.nlm.nih.gov/29034245/ 

123.  Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs are conserved 

targets of microRNAs. Genome Research [Internet]. 2009 Jan [cited 2021 Jun 30];19(1):92–

105. Available from: https://pubmed.ncbi.nlm.nih.gov/18955434/ 

124.  Farazi TA, Spitzer JI, Morozov P, Tuschl T. MiRNAs in human cancer [Internet]. Vol. 223, 

Journal of Pathology. J Pathol; 2011 [cited 2021 Jun 30]. p. 102–15. Available from: 

https://pubmed.ncbi.nlm.nih.gov/21125669/ 

125.  Bartel DP. Metazoan MicroRNAs [Internet]. Vol. 173, Cell. Cell Press; 2018 [cited 2021 Jul 1]. 

p. 20–51. Available from: https://pubmed.ncbi.nlm.nih.gov/29570994/ 

126.  Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, et al. Microarray analysis 

shows that some microRNAs downregulate large numbers of-target mRNAs. Nature [Internet]. 

2005 Feb 17 [cited 2021 Jun 30];433(7027):769–73. Available from: 

https://pubmed.ncbi.nlm.nih.gov/15685193/ 

127.  Hu W, Coller J. What comes first: Translational repression or mRNA degradation? the 

deepening mystery of microRNA function. Cell Research [Internet]. 2012 Sep [cited 2021 Jun 

30];22(9):1322–4. Available from: https://pubmed.ncbi.nlm.nih.gov/22613951/ 

128.  Hammond SM. RNAi, microRNAs, and human disease. In: Cancer Chemotherapy and 

Pharmacology [Internet]. Cancer Chemother Pharmacol; 2006 [cited 2021 Jul 1]. Available 

from: https://pubmed.ncbi.nlm.nih.gov/17093929/ 

129.  Medina PP, Nolde M, Slack FJ. OncomiR addiction in an in vivo model of microRNA-21-

induced pre-B-cell lymphoma. Nature [Internet]. 2010 Sep 2 [cited 2021 Jul 1];467(7311):86–

90. Available from: https://pubmed.ncbi.nlm.nih.gov/20693987/ 

130.  Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, et al. Frequent deletions and 

down-regulation of micro-RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic 

leukemia. Proceedings of the National Academy of Sciences of the United States of America 

[Internet]. 2002 Nov 26 [cited 2021 Jul 1];99(24):15524–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/12434020/ 

131.  CAI X, Hagedorn CH, Cullen BR. Human microRNAs are processed from capped, 

polyadenylated transcripts that can also function as mRNAs. RNA [Internet]. 2004 Dec 1 [cited 

2019 Dec 12];10(12):1957–66. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15525708 

132.  Krichevsky AM, Gabriely G. miR-21: A small multi-faceted RNA [Internet]. Vol. 13, Journal of 

Cellular and Molecular Medicine. J Cell Mol Med; 2009 [cited 2021 Jul 1]. p. 39–53. Available 

from: https://pubmed.ncbi.nlm.nih.gov/19175699/ 

133.  Zhang X, Cheng Z, Wang L, Jiao B, Yang H, Wang X. MiR-21-3p Centric Regulatory Network 

in Dairy Cow Mammary Epithelial Cell Proliferation. Journal of Agricultural and Food Chemistry 



34 
 

[Internet]. 2019 Oct 9 [cited 2021 Jun 28];67(40):11137–47. Available from: 

https://pubmed.ncbi.nlm.nih.gov/31532202/ 

134.  Motamedi M, Hashemzadeh Chaleshtori M, Ghasemi S, Mokarian F. Plasma Level Of miR-21 

And miR-451 In Primary And Recurrent Breast Cancer Patients. Breast Cancer: Targets and 

Therapy [Internet]. 2019 Oct 25 [cited 2019 Dec 12];Volume 11:293–301. Available from: 

https://www.dovepress.com/plasma-level-of-mir-21-and-mir-451-in-primary-and-recurrent-

breast-can-peer-reviewed-article-BCTT 

135.  Jin H, wang xiaofeng, Chen L, Zhang Y, tang xiaoqing, Tang G, et al. Screening miRNAs for 

early diagnosis of colorectal cancer by small RNA deep sequencing and evaluation in a 

Chinese patient population. OncoTargets and Therapy [Internet]. 2016 Mar [cited 2019 Dec 

13];1159. Available from: https://www.dovepress.com/screening-mirnas-for-early-diagnosis-of-

colorectal-cancer-by-small-rna-peer-reviewed-article-OTT 

136.  Cybula M, Wieteska Ƚukasz, Józefowicz-Korczyńska M, Karbownik MS, Grzelczyk WL, 

Szemraj J. New miRNA expression abnormalities in laryngeal squamous cell carcinoma. 

Cancer Biomarkers [Internet]. 2016 Apr 13 [cited 2019 Dec 13];16(4):559–68. Available from: 

https://www.medra.org/servlet/aliasResolver?alias=iospress&doi=10.3233/CBM-160598 

137.  Ge X, Li W, Huang S, Yin Z, Yang M, Han Z, et al. Increased miR-21-3p in Injured Brain 

Microvascular Endothelial Cells after Traumatic Brain Injury Aggravates Blood–Brain Barrier 

Damage by Promoting Cellular Apoptosis and Inflammation through Targeting MAT2B. Journal 

of Neurotrauma [Internet]. 2019 Apr 15 [cited 2019 Dec 12];36(8):1291–305. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29695199 

138.  Pink RC, Samuel P, Massa D, Caley DP, Brooks SA, Carter DRF. The passenger strand, miR-

21-3p, plays a role in mediating cisplatin resistance in ovarian cancer cells. Gynecologic 

oncology [Internet]. 2015 Apr [cited 2019 Dec 13];137(1):143–51. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0090825815000049 

139.  Báez-Vega PM, Vargas IME, Valiyeva F, Rosado JE, Roman A, Flores J, et al. Targeting miR-

21-3p inhibits proliferation and invasion of ovarian cancer cells. Oncotarget [Internet]. 2016 

[cited 2021 Jun 28];7(24):36321–37. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27166999/ 

140.  Clifton GT, Peoples GE. Overcoming cancer immune tolerance and escape [Internet]. Vol. 15, 

Clinical Cancer Research. Clin Cancer Res; 2009 [cited 2021 Jun 28]. p. 749–51. Available 

from: https://pubmed.ncbi.nlm.nih.gov/19188142/ 

141.  Spranger S. Mechanisms of tumor escape in the context of the T-cell-inflamed and the non-T-

cell-inflamed tumor microenvironment [Internet]. Vol. 28, International Immunology. Oxford 

University Press; 2016 [cited 2021 Jun 28]. p. 383–91. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26989092/ 

142.  Arina A, Corrales L, Bronte V. Enhancing T cell therapy by overcoming the immunosuppressive 

tumor microenvironment [Internet]. Vol. 28, Seminars in Immunology. Academic Press; 2016 

[cited 2021 Jul 1]. p. 54–63. Available from: https://pubmed.ncbi.nlm.nih.gov/26872631/ 

143.  Garrido F, Aptsiauri N, Doorduijn EM, Garcia Lora AM, van Hall T. The urgent need to recover 

MHC class I in cancers for effective immunotherapy [Internet]. Vol. 39, Current Opinion in 

Immunology. Elsevier Ltd; 2016 [cited 2021 Jul 1]. p. 44–51. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26796069/ 

144.  Moreth K, Frey H, Hubo M, Zeng-Brouwers J, Nastase M-V, Hsieh LT-H, et al. Biglycan-

triggered TLR-2- and TLR-4-signaling exacerbates the pathophysiology of ischemic acute 



35 
 

kidney injury. Matrix biology : journal of the International Society for Matrix Biology [Internet]. 

2014 Apr [cited 2018 Jan 31];35:143–51. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0945053X14000213 

145.  Hu L, Zang M, Wang H-X, Li J-F, Su L-P, Yan M, et al. Biglycan stimulates VEGF expression in 

endothelial cells by activating the TLR signaling pathway. Molecular oncology [Internet]. 2016 

Nov [cited 2017 Nov 21];10(9):1473–84. Available from: 

http://doi.wiley.com/10.1016/j.molonc.2016.08.002 

146.  Berendsen AD, Fisher LW, Kilts TM, Owens RT, Robey PG, Gutkind JS, et al. Modulation of 

canonical Wnt signaling by the extracellular matrix component biglycan. Proceedings of the 

National Academy of Sciences of the United States of America [Internet]. 2011 Oct 11 [cited 

2021 Jul 1];108(41):17022–7. Available from: https://pubmed.ncbi.nlm.nih.gov/21969569/ 

147.  Steven A, Leisz S, Massa C, Iezzi M, Lattanzio R, Lamolinara A, et al. HER-2/neu mediates 

oncogenic transformation via altered CREB expression and function. Molecular Cancer 

Research [Internet]. 2013 Nov [cited 2021 Jun 28];11(11):1462–77. Available from: 

https://pubmed.ncbi.nlm.nih.gov/24025972/ 

148.  Darb-Esfahani S, Kunze CA, Kulbe H, Sehouli J, Wienert S, Lindner J, et al. Prognostic impact 

of programmed cell death-1 (PD-1) and PD-ligand 1 (PD-L1) expression in cancer cells and 

tumorinfiltrating lymphocytes in ovarian high grade serous carcinoma. Oncotarget [Internet]. 

2016 [cited 2021 Jul 1];7(2):1486–99. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26625204/ 

149.  Pickup M, Novitskiy S, Moses HL. The roles of TGFβ in the tumour microenvironment 

[Internet]. Vol. 13, Nature Reviews Cancer. Nat Rev Cancer; 2013 [cited 2021 Jun 28]. p. 788–

99. Available from: https://pubmed.ncbi.nlm.nih.gov/24132110/ 

150.  Bandyopadhyay A, López-Casillas F, Malik SN, Montiel L, Mendoza V, Yang J, et al. Antitumor 

Activity of a Recombinant Soluble Betaglycan in Human Breast Cancer Xenograft 1. Vol. 62, 

CANCER RESEARCH. 2002.  

151.  Wang SE, Xiang B, Guix M, Olivares MG, Parker J, Chung CH, et al. Transforming Growth 

Factor β Engages TACE and ErbB3 To Activate Phosphatidylinositol-3 Kinase/Akt in ErbB2-

Overexpressing Breast Cancer and Desensitizes Cells to Trastuzumab. Molecular and Cellular 

Biology [Internet]. 2008 Sep 15 [cited 2021 Jul 1];28(18):5605–20. Available from: 

https://pubmed.ncbi.nlm.nih.gov/18625725/ 

152.  Makino J, Asai R, Hashimoto M, Kamiya T, Hara H, Ninomiya M, et al. Suppression of EC-SOD 

by oxLDL During Vascular Smooth Muscle Cell Proliferation. Journal of Cellular Biochemistry 

[Internet]. 2016 Nov 1 [cited 2021 Jul 1];117(11):2496–505. Available from: 

https://pubmed.ncbi.nlm.nih.gov/26990420/ 

153.  Groth S, Schulze M, Kalthoff H, Fändrich F, Ungefroren H. Adhesion and Rac1-dependent 

regulation of biglycan gene expression by transforming growth factor-β: Evidence for oxidative 

signaling through NADPH oxidase. Journal of Biological Chemistry [Internet]. 2005 Sep 30 

[cited 2021 Jun 28];280(39):33190–9. Available from: 

https://pubmed.ncbi.nlm.nih.gov/16051607/ 

154.  Nagaraju K, Raben N, Loeffler L, Parker T, Rochon PJ, Lee E, et al. Conditional up-regulation 

of MHC class I in skeletal muscle leads to self-sustaining autoimmune myositis and myositis-

specific autoantibodies. Proceedings of the National Academy of Sciences of the United States 

of America [Internet]. 2000 Aug 1 [cited 2021 Jun 28];97(16):9209–14. Available from: 

https://pubmed.ncbi.nlm.nih.gov/10922072/ 



36 
 

155.  Hsiao YW, Liao KW, Chung TF, Liu CH, Hsu C da, Chu RM. Interactions of host IL-6 and IFN-γ 

and cancer-derived TGF-β1 on MHC molecule expression during tumor spontaneous 

regression. Cancer Immunology, Immunotherapy [Internet]. 2008 Jul [cited 2021 Jul 

1];57(7):1091–104. Available from: https://pubmed.ncbi.nlm.nih.gov/18259750/ 

156.  Chen XH, Liu ZC, Zhang G, Wei W, Wang XX, Wang H, et al. TGF-β and EGF induced HLA-I 

downregulation is associated with epithelial-mesenchymal transition (EMT) through 

upregulation of snail in prostate cancer cells. Molecular Immunology [Internet]. 2015 May 1 

[cited 2021 Jun 28];65(1):34–42. Available from: https://pubmed.ncbi.nlm.nih.gov/25618241/ 

157.  Fu YF, Gui R, Liu J. HER-2-induced PI3K signaling pathway was involved in the pathogenesis 

of gastric cancer. Cancer Gene Therapy [Internet]. 2015 Apr 16 [cited 2021 Jun 28];22(3):145–

53. Available from: https://pubmed.ncbi.nlm.nih.gov/25613482/ 

158.  Ständer M, Naumann U, Dumitrescu L, Heneka M, Löschmann P, Gulbins E, et al. Decorin 

gene transfer-mediated suppression of TGF-β synthesis abrogates experimental malignant 

glioma growth in vivo. Gene Therapy [Internet]. 1998 [cited 2021 Jun 28];5(9):1187–94. 

Available from: https://pubmed.ncbi.nlm.nih.gov/9930319/ 

159.  Henderson MA, Danks JA, Slavin JL, Byrnes GB, Choong PFM, Spillane JB, et al. Parathyroid 

hormone-related protein localization in breast cancers predict improved prognosis. Cancer 

Research [Internet]. 2006 Feb 15 [cited 2021 Jun 28];66(4):2250–6. Available from: 

https://pubmed.ncbi.nlm.nih.gov/16489028/ 

160.  Caley DP, Pink RC, Trujillano D, Carter DRF. Long noncoding RNAs, chromatin, and 

development [Internet]. Vol. 10, TheScientificWorldJournal. ScientificWorldJournal; 2010 [cited 

2021 Jun 28]. p. 90–102. Available from: https://pubmed.ncbi.nlm.nih.gov/20062956/ 

161.  Gong C, Tan W, Chen K, You N, Zhu S, Liang G, et al. Prognostic Value of a BCSC-associated 

MicroRNA Signature in Hormone Receptor-Positive HER2-Negative Breast Cancer. 

EBioMedicine [Internet]. 2016 Sep 1 [cited 2021 Jun 28];11:199–209. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27566954/ 

162.  Dong G, Liang X, Wang D, Gao H, Wang L, Wang L, et al. High expression of miR-21 in triple-

negative breast cancers was correlated with a poor prognosis and promoted tumor cell in vitro 

proliferation. Medical Oncology [Internet]. 2014 [cited 2021 Jun 28];31(7). Available from: 

https://pubmed.ncbi.nlm.nih.gov/24930006/ 

163.  Liu Q, Yang W, Luo Y, Hu S, Zhu L. Correlation between miR-21 and miR-145 and the 

incidence and prognosis of colorectal cancer. Journal of BUON [Internet]. 2018 Jan 1 [cited 

2021 Jun 28];23(1):29–35. Available from: https://pubmed.ncbi.nlm.nih.gov/29552756/ 

164.  Bica-Pop C, Cojocneanu-Petric R, Magdo L, Raduly L, Gulei D, Berindan-Neagoe I. Overview 

upon miR-21 in lung cancer: focus on NSCLC [Internet]. Vol. 75, Cellular and Molecular Life 

Sciences. Birkhauser Verlag AG; 2018 [cited 2021 Jun 28]. p. 3539–51. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30030592/ 

165.  Wang W, Li J, Zhu W, Gao C, Jiang RJ, Li W, et al. MicroRNA-21 and the clinical outcomes of 

various carcinomas: A systematic review and meta-analysis. BMC Cancer [Internet]. 2014 Nov 

7 [cited 2021 Jun 28];14(1). Available from: https://pubmed.ncbi.nlm.nih.gov/25376700/ 

166.  Hasáková K, Bezakova J, Vician M, Reis R, Zeman M, Herichova I. Gender-dependent 

expression of leading and passenger strand of miR-21 and miR-16 in human colorectal cancer 

and adjacent colonic tissues. Physiological research [Internet]. 2017 Dec 30 [cited 2019 Dec 

12];66(Supplementum 4):S575–82. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29355387 



37 
 

167.  Peralta-Zaragoza O, Deas J, Meneses-Acosta A, de la O-Gómez F, Fernández-Tilapa G, 

Gómez-Cerón C, et al. Relevance of miR-21 in regulation of tumor suppressor gene PTEN in 

human cervical cancer cells. BMC Cancer [Internet]. 2016 Mar 14 [cited 2021 Jun 28];16(1). 

Available from: https://pubmed.ncbi.nlm.nih.gov/26975392/ 

168.  Tseng H-H, Tseng Y-K, You J-J, Kang B-H, Wang T-H, Yang C-M, et al. Next-generation 

Sequencing for microRNA Profiling: MicroRNA-21-3p Promotes Oral Cancer Metastasis. 

Anticancer research [Internet]. 2017 Mar 1 [cited 2019 Dec 13];37(3):1059–66. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28314265 

169.  Negoi I, Hostiuc S, Sartelli M, Negoi RI, Beuran M. MicroRNA-21 as a prognostic biomarker in 

patients with pancreatic cancer – A systematic review and meta-analysis [Internet]. Vol. 214, 

American Journal of Surgery. Elsevier Inc.; 2017 [cited 2021 Jun 28]. p. 515–24. Available 

from: https://pubmed.ncbi.nlm.nih.gov/28477839/ 

170.  Qian B, Katsaros D, Lu L, Preti M, Durando A, Arisio R, et al. High miR-21 expression in breast 

cancer associated with poor disease-free survival in early stage disease and high TGF-β1. 

Breast Cancer Research and Treatment [Internet]. 2009 Sep [cited 2021 Jun 28];117(1):131–

40. Available from: https://pubmed.ncbi.nlm.nih.gov/18932017/ 

171.  Song B, Wang C, Liu J, Wang X, Lv L, Wei L, et al. MicroRNA-21 regulates breast cancer 

invasion partly by targeting tissue inhibitor of metalloproteinase 3 expression. Journal of 

Experimental and Clinical Cancer Research [Internet]. 2010 [cited 2021 Jul 1];29(1). Available 

from: https://pubmed.ncbi.nlm.nih.gov/20346171/ 

172.  Zhou Q, Zeng H, Ye P, Shi Y, Guo J, Long X. Differential microRNA profiles between 

fulvestrant-resistant and tamoxifen-resistant human breast cancer cells. Anti-Cancer Drugs 

[Internet]. 2018 [cited 2021 Jun 28];29(6):539–48. Available from: 

https://pubmed.ncbi.nlm.nih.gov/29557813/ 

173.  Carissimi C, Carucci N, Colombo T, Piconese S, Azzalin G, Cipolletta E, et al. MiR-21 is a 

negative modulator of T-cell activation. Biochimie [Internet]. 2014 [cited 2021 Jun 

28];107(PB):319–26. Available from: https://pubmed.ncbi.nlm.nih.gov/25304039/ 

174.  Caescu CI, Guo X, Tesfa L, Bhagat TD, Verma A, Zheng D, et al. Colony stimulating factor-1 

receptor signaling networks inhibit mouse macrophage inflammatory responses by induction of 

microRNA-21. Blood [Internet]. 2015 Feb 19 [cited 2021 Jun 28];125(8):e1–13. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25573988/ 

175.  Lu TX, Munitz A, Rothenberg ME. MicroRNA-21 Is Up-Regulated in Allergic Airway 

Inflammation and Regulates IL-12p35 Expression. The Journal of Immunology [Internet]. 2009 

Apr 15 [cited 2021 Jun 28];182(8):4994–5002. Available from: 

https://pubmed.ncbi.nlm.nih.gov/19342679/ 

176.  Sheedy FJ, Palsson-Mcdermott E, Hennessy EJ, Martin C, O’Leary JJ, Ruan Q, et al. Negative 

regulation of TLR4 via targeting of the proinflammatory tumor suppressor PDCD4 by the 

microRNA miR-21. Nature Immunology [Internet]. 2010 Feb [cited 2021 Jun 28];11(2):141–7. 

Available from: https://pubmed.ncbi.nlm.nih.gov/19946272/ 

177.  Sahraei M, Chaube B, Liu Y, Sun J, Kaplan A, Price NL, et al. Suppressing miR-21 activity in 

tumor-associated macrophages promotes an antitumor immune response. Journal of Clinical 

Investigation [Internet]. 2019 Dec 2 [cited 2021 Jul 1];129(12):5518–36. Available from: 

https://pubmed.ncbi.nlm.nih.gov/31710308/ 



38 
 

178.  Sheedy FJ. Turning 21: Induction of miR-21 as a Key Switch in the Inflammatory Response. 

Frontiers in Immunology [Internet]. 2015 Jan 29 [cited 2021 Jul 1];6(JAN). Available from: 

http://journal.frontiersin.org/article/10.3389/fimmu.2015.00019/abstract 

179.  Kim C, Hu B, Jadhav RR, Jin J, Zhang H, Cavanagh MM, et al. Activation of miR-21-Regulated 

Pathways in Immune Aging Selects against Signatures Characteristic of Memory T Cells. Cell 

Reports [Internet]. 2018 Nov 20 [cited 2021 Jun 28];25(8):2148-2162.e5. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30463012/ 

180.  He W, Wang C, Mu R, Liang P, Huang Z, Zhang J, et al. MiR-21 is required for anti-tumor 

immune response in mice: An implication for its bi-directional roles. Oncogene [Internet]. 2017 

Jul 20 [cited 2021 Jun 28];36(29):4212–23. Available from: 

https://pubmed.ncbi.nlm.nih.gov/28346427/ 

181.  Peacock O, Lee AC, Cameron F, Tarbox R, Vafadar-Isfahani N, Tufarelli C, et al. Inflammation 

and MiR-21 pathways functionally interact to downregulate PDCD4 in colorectal cancer. PLoS 

ONE [Internet]. 2014 Oct 13 [cited 2021 Jun 28];9(10). Available from: 

https://pubmed.ncbi.nlm.nih.gov/25310697/ 

182.  Gilles ME, Slack FJ. Let-7 microRNA as a potential therapeutic target with implications for 

immunotherapy [Internet]. Vol. 22, Expert Opinion on Therapeutic Targets. Taylor and Francis 

Ltd; 2018 [cited 2021 Jun 28]. p. 929–39. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30328720/ 

183.  Xi J, Huang Q, Wang L, Ma X, Deng Q, Kumar M, et al. MiR-21 depletion in macrophages 

promotes tumoricidal polarization and enhances PD-1 immunotherapy. Oncogene [Internet]. 

2018 Jun 1 [cited 2021 Jun 28];37(23):3151–65. Available from: 

https://pubmed.ncbi.nlm.nih.gov/29540832/ 

184.  Jia L, Xi Q, Wang H, Zhang Z, Liu H, Cheng Y, et al. miR-142-5p regulates tumor cell PD-L1 

expression and enhances anti-tumor immunity. Biochemical and Biophysical Research 

Communications [Internet]. 2017 Jun 24 [cited 2021 Jun 28];488(2):425–31. Available from: 

https://pubmed.ncbi.nlm.nih.gov/28511795/ 

185.  Kwak HJ, Kim YJ, Chun KR, Woo YM, Park SJ, Jeong JA, et al. Downregulation of Spry2 by 

miR-21 triggers malignancy in human gliomas. Oncogene [Internet]. 2011 May 26 [cited 2021 

Jun 28];30(21):2433–42. Available from: https://pubmed.ncbi.nlm.nih.gov/21278789/ 

186.  Xue X, Liu Y, Wang Y, Meng M, Wang K, Zang X, et al. MiR-21 and MiR-155 promote non-

small cell lung cancer progression by downregulating SOCS1, SOCS6, and PTEN. Oncotarget 

[Internet]. 2016 [cited 2021 Jun 28];7(51):84508–19. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27811366/ 

187.  Leite KRM, Reis ST, Viana N, Morais DR, Moura CM, Silva IA, et al. Controlling RECK miR21 

promotes tumor cell invasion and is related to biochemical recurrence in prostate cancer. 

Journal of Cancer [Internet]. 2015 [cited 2021 Jun 28];6(3):292–301. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25663948/ 

188.  Hu J, Ni S, Cao Y, Zhang T, Wu T, Yin X, et al. The Angiogenic Effect of microRNA-21 

Targeting TIMP3 through the Regulation of MMP2 and MMP9. PLoS ONE [Internet]. 2016 Feb 

1 [cited 2021 Jun 28];11(2). Available from: https://pubmed.ncbi.nlm.nih.gov/26872030/ 

189.  Dong J, Zhao YP, Zhou L, Zhang TP, Chen G. Bcl-2 upregulation induced by miR-21 via a 

direct interaction is associated with apoptosis and chemoresistance in MIA PaCa-2 pancreatic 

cancer cells. Archives of Medical Research [Internet]. 2011 Jan [cited 2021 Jun 28];42(1):8–14. 

Available from: https://pubmed.ncbi.nlm.nih.gov/21376256/ 



39 
 

190.  Asangani IA, Rasheed SAK, Nikolova DA, Leupold JH, Colburn NH, Post S, et al. MicroRNA-

21 (miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and stimulates 

invasion, intravasation and metastasis in colorectal cancer. Oncogene [Internet]. 2008 Apr 3 

[cited 2021 Jul 1];27(15):2128–36. Available from: https://pubmed.ncbi.nlm.nih.gov/17968323/ 

191.  Zhu Y, Tang H, Zhang L, Gong L, Wu G, Ni J, et al. Suppression of miR-21-3p enhances 

TRAIL-mediated apoptosis in liver cancer stem cells by suppressing the PI3K/Akt/Bad cascade 

via regulating PTEN. Cancer Management and Research [Internet]. 2019 [cited 2021 Jun 

28];11:955–68. Available from: https://pubmed.ncbi.nlm.nih.gov/30774424/ 

192.  Moscetti I, Cannistraro S, Bizzarri AR. Probing direct interaction of oncomiR-21-3p with the 

tumor suppressor p53 by fluorescence, FRET and atomic force spectroscopy. Archives of 

Biochemistry and Biophysics [Internet]. 2019 Aug 15 [cited 2021 Jun 28];671:35–41. Available 

from: https://pubmed.ncbi.nlm.nih.gov/31181181/ 

193.  Guo X, Qiu W, Liu Q, Qian M, Wang S, Zhang Z, et al. Immunosuppressive effects of hypoxia-

induced glioma exosomes through myeloid-derived suppressor cells via the miR-10a/Rora and 

miR-21/Pten Pathways. Oncogene [Internet]. 2018 Aug 2 [cited 2021 Jun 28];37(31):4239–59. 

Available from: https://pubmed.ncbi.nlm.nih.gov/29713056/ 

194.  Gu X, Ma Y, Xiao J, Zheng H, Song C, Gong Y, et al. Up-regulated biglycan expression 

correlates with the malignancy in human colorectal cancers. Clinical and experimental 

medicine [Internet]. 2012 Sep 31 [cited 2018 Jan 31];12(3):195–9. Available from: 

http://link.springer.com/10.1007/s10238-011-0155-4 

195.  Berendsen AD, Pinnow EL, Maeda A, Brown AC, McCartney-Francis N, Kram V, et al. Biglycan 

modulates angiogenesis and bone formation during fracture healing. Matrix Biology [Internet]. 

2014 [cited 2021 Jun 28];35:223–31. Available from: 

https://pubmed.ncbi.nlm.nih.gov/24373744/ 

196.  Nishino R, Honda M, Yamashita T, Takatori H, Minato H, Zen Y, et al. Identification of novel 

candidate tumour marker genes for intrahepatic cholangiocarcinoma. Journal of Hepatology 

[Internet]. 2008 Aug [cited 2021 Jun 28];49(2):207–16. Available from: 

https://pubmed.ncbi.nlm.nih.gov/18490072/ 

197.  LADENSON RP, SCHWARTZ SO, IVY AC. Incidence of the blood groups and the secretor 

factor in patients with pernicious anemia and stomach carcinoma. The American journal of the 

medical sciences [Internet]. 1949 Feb [cited 2017 Nov 21];217(2):194–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18109280 

198.  Hakomori SI, Murakami WT. Glycolipids of hamster fibroblasts and derived malignant-

transformed cell lines. Proceedings of the National Academy of Sciences of the United States 

of America [Internet]. 1968 Jan [cited 2017 Nov 21];59(1):254–61. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/4298334 

199.  Du G, Zhao B, Zhang Y, Sun T, Liu W, Li J, et al. Hypothermia activates adipose tissue to 

promote malignant lung cancer progression. Kalinichenko V v., editor. PloS one [Internet]. 2013 

Aug 27 [cited 2017 Nov 21];8(8):e72044. Available from: 

http://dx.plos.org/10.1371/journal.pone.0072044 

200.  Baghy K, Tátrai P, Regős E, Kovalszky I. Proteoglycans in liver cancer. World journal of 

gastroenterology [Internet]. 2016 Jan 7 [cited 2017 Nov 21];22(1):379–93. Available from: 

http://www.wjgnet.com/1007-9327/full/v22/i1/379.htm 

201.  Rangel MP, de Sá VK, Prieto T, Martins JRM, Olivieri ER, Carraro D, et al. Biomolecular 

analysis of matrix proteoglycans as biomarkers in non small cell lung cancer. Glycoconjugate 



40 
 

journal [Internet]. 2018 Apr 3 [cited 2018 Apr 28];35(2):233–42. Available from: 

http://link.springer.com/10.1007/s10719-018-9815-x 

202.  Qian Z, Zhang G, Song G, Shi J, Gong L, Mou Y, et al. Integrated analysis of genes associated 

with poor prognosis of patients with colorectal cancer liver metastasis. Oncotarget [Internet]. 

2017 Apr 11 [cited 2018 Apr 28];8(15):25500–12. Available from: 

http://www.oncotarget.com/fulltext/16064 

203.  Karthikeyan subbarayan, Barbara Seliger. Tumor-dependent effects of proteoglycans and 

various glycosaminoglycan synthesizing enzymes and sulfotransferases on patients’ outcome. 

Curr Cancer Drug Targets. 2018;  

204.  Lagadec C, Vlashi E, Frohnen P, Alhiyari Y, Chan M, Pajonk F. The RNA-binding protein 

Musashi-1 regulates proteasome subunit expression in breast cancer- and glioma-initiating 

cells. Stem cells (Dayton, Ohio) [Internet]. 2014 Jan [cited 2017 Dec 1];32(1):135–44. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/24022895 

205.  Yue P, Lopez-Tapia F, Paladino D, Li Y, Chen C-H, Namanja AT, et al. Hydroxamic Acid and 

Benzoic Acid-Based STAT3 Inhibitors Suppress Human Glioma and Breast Cancer 

Phenotypes In Vitro and In Vivo. Cancer research [Internet]. 2016 Feb 1 [cited 2017 Dec 

1];76(3):652–63. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26088127 

206.  Lawrence MS, Stojanov P, Polak P, Kryukov G v, Cibulskis K, Sivachenko A, et al. Mutational 

heterogeneity in cancer and the search for new cancer-associated genes. Nature [Internet]. 

2013 Jul 11 [cited 2017 Nov 21];499(7457):214–8. Available from: 

http://www.nature.com/doifinder/10.1038/nature12213 

207.  Lu L, Zeng J. Evaluation of K-ras and p53 expression in pancreatic adenocarcinoma using the 

cancer genome atlas. Deb S, editor. PloS one [Internet]. 2017 Jul 25 [cited 2017 Nov 

21];12(7):e0181532. Available from: http://dx.plos.org/10.1371/journal.pone.0181532 

208.  Iozzo R v, Chakrani F, Perrotti D, McQuillan DJ, Skorski T, Calabretta B, et al. Cooperative 

action of germ-line mutations in decorin and p53 accelerates lymphoma tumorigenesis. 

Proceedings of the National Academy of Sciences of the United States of America [Internet]. 

1999 Mar 16 [cited 2017 Nov 21];96(6):3092–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10077642 

209.  Matullo G, Guarrera S, Carturan S, Peluso M, Malaveille C, Davico L, et al. DNA repair gene 

polymorphisms, bulky DNA adducts in white blood cells and bladder cancer in a case-control 

study. International journal of cancer [Internet]. 2001 May 15 [cited 2017 Nov 21];92(4):562–7. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/11304692 

210.  Winsey SL, Haldar NA, Marsh HP, Bunce M, Marshall SE, Harris AL, et al. A variant within the 

DNA repair gene XRCC3 is associated with the development of melanoma skin cancer. Cancer 

research [Internet]. 2000 Oct 15 [cited 2017 Nov 21];60(20):5612–6. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11059748 

211.  Pinho SS, Reis CA. Glycosylation in cancer: mechanisms and clinical implications. Nature 

reviews Cancer [Internet]. 2015 Sep 20 [cited 2017 Dec 11];15(9):540–55. Available from: 

http://www.nature.com/doifinder/10.1038/nrc3982 

212.  Hofree M, Shen JP, Carter H, Gross A, Ideker T. Network-based stratification of tumor 

mutations. Nature methods [Internet]. 2013 Nov 15 [cited 2017 Nov 21];10(11):1108–15. 

Available from: http://www.nature.com/doifinder/10.1038/nmeth.2651 



41 
 

213.  Köninger J, Giese NA, di Mola FF, Berberat P, Giese T, Esposito I, et al. Overexpressed 

decorin in pancreatic cancer: potential tumor growth inhibition and attenuation of 

chemotherapeutic action. Clinical cancer research : an official journal of the American 

Association for Cancer Research [Internet]. 2004 Jul 15 [cited 2017 Nov 21];10(14):4776–83. 

Available from: http://clincancerres.aacrjournals.org/cgi/doi/10.1158/1078-0432.CCR-1190-03 

214.  Goldoni S, Seidler DG, Heath J, Fassan M, Baffa R, Thakur ML, et al. An antimetastatic role for 

decorin in breast cancer. The American journal of pathology [Internet]. 2008 Sep [cited 2017 

Nov 21];173(3):844–55. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0002944010616562 

215.  Dennis JW, Pawling J, Cheung P, Partridge E, Demetriou M. UDP-N-acetylglucosamine:alpha-

6-D-mannoside beta1,6 N-acetylglucosaminyltransferase V (Mgat5) deficient mice. Biochimica 

et biophysica acta [Internet]. 2002 Dec 19 [cited 2017 Nov 21];1573(3):414–22. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12417426 

216.  Dalziel M, Crispin M, Scanlan CN, Zitzmann N, Dwek RA. Emerging principles for the 

therapeutic exploitation of glycosylation. Science (New York, NY) [Internet]. 2014 Jan 3 [cited 

2017 Nov 21];343(6166):1235681. Available from: 

http://www.sciencemag.org/lookup/doi/10.1126/science.1235681 

217.  Julien S, Picco G, Sewell R, Vercoutter-Edouart A-S, Tarp M, Miles D, et al. Sialyl-Tn vaccine 

induces antibody-mediated tumour protection in a relevant murine model. British journal of 

cancer [Internet]. 2009 Jun 2 [cited 2017 Nov 21];100(11):1746–54. Available from: 

http://www.nature.com/doifinder/10.1038/sj.bjc.6605083 

218.  Afratis N, Gialeli C, Nikitovic D, Tsegenidis T, Karousou E, Theocharis AD, et al. 

Glycosaminoglycans: key players in cancer cell biology and treatment. The FEBS journal 

[Internet]. 2012 Apr [cited 2017 Nov 21];279(7):1177–97. Available from: 

http://doi.wiley.com/10.1111/j.1742-4658.2012.08529.x 

219.  English NM, Lesley JF, Hyman R. Site-specific de-N-glycosylation of CD44 can activate 

hyaluronan binding, and CD44 activation states show distinct threshold densities for 

hyaluronan binding. Cancer research [Internet]. 1998 Aug 15 [cited 2017 Nov 21];58(16):3736–

42. Available from: http://www.ncbi.nlm.nih.gov/pubmed/9721887 

  

  



42 
 

4 Theses 

1. The declining BGN expression in HER-2/neu transformants was associated with 

reduced MHC class I surface expression, which could be reverted by BGN 

overexpression or by the addition of exogenous BGN. 

2. The reduced frequency of tumor formation and tumor size of BGNhigh HER-2/neu+ 

tumors might be due to increased immunogenicity of these cells accompanied by a 

strong infiltration of effector T cells compared to BGNlow/neg HER-2/neu+ tumors. 

3. Overexpression of BGN in HER-2/neu+ cells was accompanied by an upregulation of 

the PG DCN expression suggesting a link between BGN and DCN expression. Since 

recombinant DCN also elevated MHC class I surface expression in BGNlow/neg HER-

2/neu+ cells, both PGs might act synergistically. 

4. TGF-β inhibition induced MHC class I expression in BGNlow/neg HER-2/neu+ cells. Like 

other neoplastic malignancies, BGNlow/neg HER-2/neu+ cells expressed high transcript 

levels of TGF-β, while BGN expression in HER-2/neu+ cells reduced their expression.  

5. The miR‐21‐3p enhances TGF‐β signaling by binding to the 3′UTR of SMAD2, 

resulting in a reduced MHC class I surface expression, while hsa‐miR‐21‐3p binds to 

the human TAP1 3′UTR, thereby restricting the peptide transport and loading of MHC 

class I antigens. Hence, the miR-21-3p targets a MHC class I APM component and 

an inhibitor of the TGF-β pathway, thus interfering with the MHC class I antigen 

expression. Interestingly, the BGN-mediated overexpression in BGNlow/neg HER-

2/neu+ cells reduced miR-21-3p.  

6. The miRNA-BGN-MHC class I axis along with the unique pattern of structural 

alterations and expression of BGN, which has clinical relevance in BC dataset, which 

might help to identify high-risk patients and to develop personalized therapeutics. 

7. BGN exhibits tumor-suppressive or oncogenic potentials depending on the cellular 

context, mutation status and association with GAGs. The lack of mutations and CNA 

in BGN, and their associated CS polymerizing enzyme, CHSY3 and carbohydrate 

sulfotransferase, CHST15 accompanied with increased survival in the BC patients’ 

dataset. Therefore, further experimental and clinical studies are warranted. 
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