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1. Summary 

Introduction: 

Islet amyloid Polypeptide (IAPP) is a 37 aa long hormone that is secreted along with insulin 

from the pancreatic β-cells. IAPP is said to play an important role in the glucose metabolism 

and bone resorption under normal conditions. IAPP can misfold and this lead to formation of 

toxic amyloid aggregates and this form of localized amyloid is frequently seen in individuals 

with type 2 diabetes Though there is an in-depth knowledge on amyloid formation and its 

toxicity, what triggers the initiation of amyloid still remains a mystery unanswered. With this 

project I have had the opportunity to study the role of Heparan sulfate on IAPP aggregation.  

 

Materials and Methods: 

MIN6 cells and human islets  were incubated at 2 different glucose concentrations LG (11mM 

for MIN6 cells, and 5.5mM for human islets) and HG (22mM for all). The MIN6 cells were 

cultured on LG and HG conditions for 3, 5 and 14 days while human islets were cultured in 

LG and HG for 14 days. Changes in expression of proteoglycan core proteins and enzymes 

important for their synthesis were analyzed with Q-PCR. Human islets were cultured for 14 

days at HG and LG condition and labeled with radioactive 35S prior to biochemical analysis of 

proteoglycan content.  

 

Results: 

Q-PCR analysis suggests that MIN6 cells expression of the core-proteins of GPC- 2, GPC-3, 

SDC-2, SDC-3 and SRG are increased after culture at HG for 14 days.  In human islets the 

expression of GPC-3, GPC-4, SDC-1, SDC-3 and SDC-4 increased after HG cultured for 14 

days. The expression of modifying enzymes varied considerably. In MIN6 cells Ext-1, Ndst1, 

GLCE, and Hs6st’s expression increased while only Ext-1 was expressed to a higher degree in 

human islet after 14 days of culture. HPLC analysis showed a variation in chain length of HS 

isolated from the cellular fraction in human islets cultured at 5.6mM and 22mM. 

 

Conclusion:  

Heparan sulfate proteoglycan is a constant finding in IAPP amyloid and it has been suggested 

that HS might facilitate IAPP aggregation. From mRNA analysis we can conclude that 

expression of some core-proteins and modifying enzymes increase in response to glucose.  
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2. INTRODUCTION: 

2.1 What is Amyloid? 

 

 The word Amyloid originates from Latin and means starch- like. In this context amyloid does 

not depict anything similar to starch; instead it is primarily composed of protein. Studies on 

the amyloid fibrillar structure with electron microscopy (EM) revealed long slender fibrils 

with a diameter of 10 nm. These fibrils bind to each other and form large amyloid aggregates. 

In some amyloid diseases can the amyloid mass weigh 9-10 kg. Characteristic feature of 

amyloid is the binding to the dye Congo red and production of a green birefringence when 

viewed under polarized light. Until today Congo red staining is the most widely used method 

to identify amyloid in biological specimen. Today there are 27 proteins that have been 

identified from amyloid deposits in human (Paulsson et al. 2005; Westermark et al. 2005; 

Picken 2007; Westermark et al. 2011). Since Congo red binding to amyloid depends on the 

fibrilar structure and can only be used to identify amyloid, immunostaining with protein 

specific antibodies must be used for identification of the amyloid protein. Figure 1 shows the 

suggested amyloid formation process. 

 

  
Figure 1: The scheme shows how amyloids fibrils are produced. For unknown reasons  a 

natively folded protein unfolds/misfold. This misfolding is irreversible leading to the 

formation of oligomers. These oligomers can be toxic if not controlled leading to ion leaking 

pore formation or amyloid pore formation.  

Taken from Massimo Stefani,2008, Protein Folding and Misfolding on Surfaces 

 

 

  

Amyloidosis is a condition wherein protein aggregated in to amyloid fibrils in an organ or 

tissue. Amyloidosis can be divided into two types: systemic and localized forms. Systemic 

amyloidosis is characterized by amyloid deposits present throughout the body. Some major 
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systemic amyloid diseases with their specific amyloid protein  are AL-amyloidosis (amyloid 

light chain), AA-Amyloidosis (serum amyloid A), and Familial TTR amyloidosis 

(transthyretin ,TTR) .Localized amyloidosis are more well known since this group include  

Alzheimer’s disease, (Aβ) and islet amyloid in patients with type 2 diabetes (IAPP) (Picken 

2007) (Westermark et al. 2007).  

 

There are different suggestions for how amyloid toxicity is exerted but especially the 

initiation of amyloid formation remains to be explained. The monomeric form of an amyloid 

protein is not toxic but when monomers start to aggregate and form so called oligomers they 

begin to exhibit cell toxicity. IAPP is found to be highly amyloidogenic (prone to form 

amyloid fibrils) in vitro. It is believed that this amyloid forming capacity is determined by the 

amino acids present in the central region of the IAPP molecule(Haataja et al. 2008; 

Westermark et al. 2011). Rat and mouse IAPP share an identical amino acid sequences and 

islet amyloid is never found in these rodents. By comparing the human and mouse IAPP 

sequences a major difference was noticed. This difference was the presence of three proline 

residues within the central region of the mouse IAPP molecule.  Proline residues are known β-

sheet breakers and their presence most likely prevents mouse and rat from IAPP amyloid 

(Westermark et al. 1990). Though it is unclear what triggers the start of amyloid formation it 

has been reported they starts as small aggregates.  

In studies using transgenic mice that express human IAPP it has been shown that IAPP 

amyloid formation starts intracellularly (Nishi et al. 1990; Westermark et al. 1992). Figure 2 

shows the hypothesis of how amyloid aggregates are formed in islets.  

 

Figure 2: This figure shows the hypothesis for amyloid formation in the islets. A: An amyloid 

seed is formed intracellularly B and C: shows the proliferation and filling of the cytoplasmic 

space with amyloid inducing apoptosis D: shows the spread of amyloid deposits that made of 

mature IAPP from other neighboring beta-cells.  

Taken from Paulsson, J. F et al. 2006. "Intracellular amyloid-like deposits contain 

unprocessed pro- islet amyloid polypeptide (proIAPP) in beta cells of transgenic mice 

overexpressing the gene for human IAPP and transplanted human islets. 
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2.2 The endocrine islet organ: 

 

The islet of Langerhans was discovered by Paul Langerhans in 1869 and it constitutes the 

endocrine components of the pancreas. There are around 1 million islets in an adult pancreas 

and they make up about 1-2% of the pancreas (Sanke et al. 1988) (Lee et al. 2012). An islet 

contains 5 different hormone cells; alpha-cells producing glucagon, beta-cells producing 

insulin and islet amyloid polypeptide (IAPP), delta-cells producing stomatostatin , epsilon-

cells producing ghrelin and F-cells producing pancreatic polypeptide (Elayat et al. 1995). The 

islet architecture differs between species, but beta-cells are mainly present in the central part 

of an islet and they constitute about 65 to 80% of the total endocrine islets. Also, islets are 

highly vascularized and encircled by fibroblasts (Cabrera et al. 2006). 

 

2.3 IAPP- Structural View 

 

The biochemical characterization of islet amyloid identified a 37 amino acid residue long 

peptide as the major protein component, and it was given the name islet amyloid polypeptide. 

With molecular techniques further characterization showed that IAPP was synthesized as an  

89 aa residue, pre-pro IAPP (Westermark et al. 1987). IAPP belongs to the Calcitonin like 

family of peptides(Westermark et al. 1987). From the pre-pro IAPP is a 22 aa residue signal 

peptide cleaved off after the molecule enters the endoplasmic reticulum (ER). The pro-IAPP, 

remaining 67 aa residue, must undergo a post transitional processing in-order to become 

biologically active. This maturation involves the removal of a 12 and a 16 residue fragments 

at the N and C-terminus respectively. These cleavages occur at dibasic residues and are 

performed by prohormone convertases PC2 and PC1/3. Further maturation includes the 

formation of disulfide bond between cysteine residues present at positions 2 and 7 of the IAPP 

and the glycin residue at the C-terminus is used for  amidation (Nishi et al. 1990; Westermark 

et al. 1992; Paulsson et al. 2005). 

 

The processing of proinsulin into insulin is done at the same location by the same by the same 

prohormone convertases, but this processing involves the removal of the internal C-

peptide(Bailyes et al. 1995). The figure 3 shows the formation of IAPP and insulin from its 

precursors. 
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Figure 3:  A: Sequence representation of human proIAPP with its cleavage sites for PC2 and 

PC1/3 .B: Sequence of human Proinsulin with indicated cleavage sites for PC2 and PC1/3. 

The KR residues in both insulin and IAPP are removed by carboxy peptidase enzyme.  

 

 

2.4 Biological Functions of IAPP: 

 

The function for IAPP still remains to be determined. However, several studies have indicated 

that IAPP has an important role in glucose metabolism. The co-secretion of IAPP alongwith 

insulin suggests that IAPP acts in synergy with insulin during meal time glucose regulation. 

This is done by regulating gastric emptying  and thereby controlling  the rate of glucose influx 

into circulation (Ratner et al. 2004). A more important function for IAPP is the intra islet 

control over insulin secretion in response to glucose. Through this mechanism IAPP act as a 

modulator for insulin secretion and it believed that IAPP could prevent hypoglycemia by 

lowering insulin secretion.  (Buse et al. 2002; Ratner et al. 2004; Westermark et al. 2011). 

Another important function for IAPP is associated with bone re-sorption. Several studies in 

mice and hen suggest that the IAPP aids in bone formation by inhibiting bone re-sorption 

(Dacquin et al. 2004; Guzel et al. 2009). Also IAPP is shown to increase the calcium level in 

bones tissue (Guzel et al. 2009).  
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2.5 IAPP-Role in Diabetes: 

 

Diabetes is a disease that is characterized by an increased in blood glucose level and there are 

multiple forms of diabetes. Type 1 diabetes mellitus (T1MD) and Type 2 diabetes mellitus 

(T2MD) are the most common among them. 

 

T1DM is an autoimmune disease where the production of insulin is stopped as a result of 

pancreatic β-cells destruction by immune system. Treatment for this disease is insulin therapy 

and the onset is usually at juvenile age (Gillespie 2006).   

 

T2DM is a condition where patients develop hyper glycaemia characterized by insulin 

resistance and impairment in insulin and IAPP secretion (Buse et al. 2002; Westermark et al. 

2005; Asmar et al. 2010). The main pathological characteristic of T2DM is the IAPP amyloid 

deposition in islets (Opie 1901; Paulsson et al. 2008)[22, 23](Opie 1901; Paulsson et al. 

2008)[22, 23](Opie 1901; Paulsson et al. 2008). There have been studies on cats, baboons and 

monkeys, three species that also develop islet amyloid and T2DM, that link these two 

conditions. Studies on cats showed that cats with diabetes had basal hyperamylinemia and 

also basal hypoinsulinemia. These results suggest that  hyper secretion of IAPP could have 

caused hypoinsulinemia in these diabetic cats(Lutz et al. 1996). It is known that monkeys kept 

in captivity develop T2DM. In a study performed on baboons that were followed during an 

extended time period it was shown that amyloid formation correlated to diabetes 

development. Also an interesting finding was that the islet amyloidosis severity was 

associated with hyperglucagonemia and α-cell volume increase. Baboons with most extensive 

islet amyloidosis showed an increase in concentration of fasting blood glucose (Guardado-

Mendoza et al. 2009). In a study where they used cynomolgus macaques (one type of 

monkey), it was shown that extensive amyloid deposits were found in diabetic monkey, and it 

was shown that  46% to 74% of the total islet area was replaced by amyloid deposits while in 

a non-diabetic but hyperglycemic monkeys 24% of the islet area was replaced by amyloid. 

(O'Brien et al. 1996).  

  

 

2.6 Proteoglycans (PG): 

 

Proteoglycans are large molecules that consist of a protein core with one or several attached 

glycosaminoglycans (GAG) chains. These GAG chains are made up by heparan, chrondroitin 

or dermatan  sulfate side chains (Dick et al. 2012). The proteoglycans can be found anchored 

to the cell surface or transmembrane, detected intracellularly or secreted and therefore present 

extracellularly.  

 

The glypican family consists of six members and they are bound to the cell surface while the 

syndecans  consists of 4 members and they  belong to the transmembrane PG. Serglycins are 

the only PG present intracellularly  (Tumova et al. 2000).  
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2.7 Heparan Sulfate Proteoglycan (HSPG) Biology: 

 

2.7.1 Glypicans (GPC): 

 

The glypican come from the family of glycosylphosphatidylinositol (GPI) anchored HSPG. 

The size of their core protein ranges between 60 to 70 kDa with 14 conserved cysteine 

residues that form a characteristic pattern. These cysteine residues are primarily located in the 

central domain but they can also be found near the N-terminus. The N-terminal contains a 

signal for translocation into ER and the C-terminal region possesses the signal sequence for 

anchorage via glypication and also for brief insertion of the membrane. The role of glypicans 

is primarily growth and cell signaling (Fransson et al. 2004; Filmus et al. 2008). 

 

2.7.1.1 GPC-1:  

The GPC-1 is mainly expressed in the central nervous system (CNS) but is also expressed in 

the skeletal system of embryos. An important function of GPC-1 is to participate in the uptake 

of biomolecules such as polyamines, nucleic acid etc. They are also involved in signaling of 

growth factors (Svensson et al. 2009) (Fransson et al. 2004). 

 

 

2.7.1.2 GPC-2: 

The GPC-2 is also known as cerebroglypican since it is expressed in the CNS of embryos. 

The main function is to guide and regulate the growth of axons. GPC-2 is not present in 

adults.  (Fransson et al. 2004) (Ivins et al. 1997; Herndon et al. 1999). 

  

2.7.1.3 GPC-3: 

GPC-3 is ubiquitously expressed during embryonic development, and a minor expression is 

detected in the adult CNS. They play a vital role during growth factor signaling. In addition 

they prove to be a good marker for hepatocellular carcinoma. A deletion mutation can give 

rise to Simpson Golabi Behmel syndrome (Fransson et al. 2004) (Ozkan et al. 2011).  

 

2.7.1.4 GPC-4: 

GPC4 expression pattern span from an ubiquitously expression in the embryo and a higher 

expression in kidney and neuron. Neural precursor cells growth and proliferation directly 

corresponds to the glypican-4 expression in a developing brain.  GPC-4 presence in adult is 

sparse. These Proteoglycans play an important role in growth factor signaling and cellular 

differentiation. Deletion of GPC4 gene is also linked to Simpson-Golabi Behmel syndrome. 

(Hagihara et al. 2000) (Fransson et al. 2004) (Veugelers et al. 1998). 
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2.7.1.5 GPC-5: 

GPC-5 expression is found in kidney and CNS of embryo while only a reduced expression 

remains in adulthood. Expression of GPC-5 during embryogenesis play an important role in 

cell division and growth regulation (Veugelers et al. 1997) (Bernfield et al. 1999).  

 

2.7.1.6 GPC-6: 

GPC-6 expression is high in during embryogenesis with elevated expression in organs such as  

heart, liver and kidney. Expression in adults is subtle. GPC-6 can alter the activity of growth 

factors and other molecule that interact with cell matrix (Fransson et al. 2004) (Campos-

Xavier et al. 2009) (Lau et al. 2010) (Marc 2012) . 

 

2.7.2 Syndecans (SDC): 

 

Syndecans comprises of a family of transmembrane HSPG which are usually co-receptors for 

G-protein coupled receptors, proteases and protease inhibitors. The core protein comprises of 

three domains namely an ectodomain where the GAG is attached, a transmembrane region 

and a cytoplasmic tail.  Four members constitute the syndecans namely syndecans-1, 

syndecan-2, syndecan-3 and syndecan-4. The Syndecans are divided into 2 subclasses with 

SDC-1 and 3 forming one subclass and SDC-2 and 4 forming the other (Bernfield et al. 

1999). 

 

2.7.2.1 SDC-1:  

SDC-1 belongs to transmembrane HSPG of the first subclass. They are documented to be 

expressed on epithelial cells with higher expression found in squamous and transitional 

epithelia. They are also expressed the plasma cells. Vainio and Thesleff, 1992, suggested that 

the expression of the SDC-1 could be regulated by growth factors. The SDC-1 are said to 

regulate cell adhesion, invasion, cell motility and cellular signaling (Ramani et al. 2012) 

(Elenius et al. 1994) (Marc 2012). 

 

2.7.2.2 SDC-2: 

The SDC-2 belongs to subclass-2 transmembrane HSPG with a large transmembrane region 

of around 21 kDa. These Proteoglycans are expressed by endothelial cells and fibroblast. 

These proteoglycans helps to regulate the proliferation, migration and also interactions of the 

cells with the ECM. An important example is that SDC-2 play a role in migration of 

melanoma cell (Elenius et al. 1994) (Lee et al. 2009) (De Oliveira et al. 2012). 

 

2.7.2.3 SDC-3: 

SDC-3 belongs to subclass1 of transmembrane HSPG. The expression of this proteoglycan is 

found to be high in the nervous system and it is also found in ovary and uterus. They play an 

important role in cell differentiation, structural maintenance of the cell as well as in cell to cell 
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interactions (Chernousov et al. 1993) (Schuring et al. 2009) (Bernfield et al. 1999) (Marc 

2012). 

 

2.7.2.4 SDC-4: 

SDC-4 is the second member of subclass 2 of transmembrane HSPG family. Expression of 

this syndecan-4 is ubiquitous but increased expressions are detected in epithelial cells and 

fibroblast cells.  These proteoglycans are called amphiglycan (David et al. (1992) and they are 

visible during all the stages of embryogenesis and also in the adult tissues. A marked increase 

in syndecan expression can be visualized during wound healing. A characteristic feature of 

the syndecan-4 is the binding to extracellular matrix which the other members of the 

Syndecans lack. It also helps in cell survival and cell migration (Wilcox-Adelman et al. 2002) 

(Elenius et al. 1994). 

 

2.7.3 Serglycin (SRG): 

 

The serglycins  are the most abundant of the PG and only present intracellularly. The 

serglycins core protein is made-up by 158 amino acids that form three domains. In the mast 

cells, serglycin is crucial for granular maturation. Also they are found in endothelial and 

hematopoietic cells (Li et al. 2011) (Meen et al. 2011) (Kolset et al. 2008). 

 

 

2.7.4 ENZYMES Related to HSPG synthesis: 

 

 
Figure 4: Pictorial representation of HS biosynthesis depicting the enzymes involved with 

their interacting positions.  

From Heparan sulphate proteoglycans fine-tune mammalian physiology Joseph R. Bishop, 

2007 
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2.7.4.1 Exostosin-1: 

Exostosin-1 or Ext-1 are members of Ext multigene family found ubiquitously expressed in 

tissues. Ext-1 encodes a protein consisting of 746 amino acids, and Ext-1 is a tumor 

suppressor gene. Ext-1 possesses glycosyl transferase activity and this glycosyl transferase 

activity is higher when it forms a complex with Ext-2 compared to when these enzymes are 

acting individually. Mutation of Ext-1 causes type 1 exostoses. During this condition the bone 

develop lumps and this is usually hereditary and affect at a young age (Jennes et al. 2012) 

(Jennes et al. 2011) (McCormick et al. 2000; Pei et al. 2010). 

 

2.7.4.2 Exostosin-2: 

Exostosin-2 or Ext-2 is also a member of the Ext multigene family, is present ubiquitously in 

tissues. These genes encode a protein contaning718 amino acids. Ext-2 are also tumor 

suppressors and perform similar functions as Ext-1 and act as adhesives and polymerize the 

HS chains in HSPG , but also exhibit glycosyl transferase activity with activity becoming 

greater when they are in complex with Ext-1. Mutation in Ext-2 causes type 2 exostoses                                                                                                                                                                                     

(Pei et al. 2010; Jennes et al. 2011; Jennes et al. 2012) (McCormick et al. 2000). 

 

2.7.4.3 Exostoses Like: 

Exostoses like genes are also members of Ext multigene family and also known as ExtL or 

ExtR. The ExtL gene family consists of 3 members EXTL1, EXTL2 and EXTL3. They are 

expressed ubiquitously and also belong to the category of tumor suppressors and possess 

glycotransferase activity. (Wise et al. 1997; Kitagawa et al. 1999) . It has been shown that 

ExtL has similar structures as the EXT genes. The close similarity in the conserved C-

terminus of Ext-1and ExtL1 and also between Ext2 and ExtL3 suggest that these two ExtL’s 

could act as heparan sulfate polymerases (Kitagawa et al. 1999). 

 

2.7.4.4 N-Deacetylase-N-sulfotransferases: 

The N-deacetylase/N-sulfotransferases abbreviated NDST’s are bifunctional enzymes. 

Sulfation and de-acetylation of the amino group of  the N-acetyl-glucose amine is performed 

by these enzymes (Gesteira et al. 2011) Four  isozymes NDST-1, NDST-2, NDST-3 and 

NDST-4 have been identified (Raman et al. 2011) (Smeds et al. 2003) (Saribas et al. 2004)  . 

The expression pattern of NDST’s varies, NDST-1 and NDST-2 are expressed in all tissues 

while NDST-3 and 4 are found in fetal tissues and in adulthood restricted to the brain. The 

deacetylase activity of the NDST’s precedes the sulfotransferase activity giving rise to 

deacetylated glucose amine (Saribas et al. 2004) . The sulfotransferase activities of these 

enzymes are found at the C-terminal domain. The N-sulfotransferase activity of the enzyme is 

essential for downstream modifications of glucosamine and followed by 6-S sulfation 

performed by other enzymes (Gesteira et al. 2011).  
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2.7.4.5 O-Sulfotransferases: 

This big group of enzymes catalyzes transfer of sulfur at various positions like 2-O, 3-O and 

6-O.  In humans seven isoforms of Heparan sulfate 3-O sulfotransferases (HS3ST)  three 

isoforms of Heparan sulfate 6-O sulfotransferases (HS6ST) and one isoform of Heparan 

sulfate 2-O sulfotransferases (HS2ST). The  HS2ST is found in human adult brain (Kusche-

Gullberg et al. 2003) (Liu et al. 2012). The three  HS6ST enzymes do not  possess identical 

substrate specificities.  HS6ST-1 is expressed in liver; HS6ST-2 is expressed in human brain 

and HS6ST-3 is ubiquitously expressed (Habuchi et al. 2000). The main HS6ST1 is 

responsible for the sulfation of iduronic acid-GlcASO3 , HS6ST2 perform sulfatation of 

GlcA-GlcASO3 and IdoA (2SO4)-GlcNSO3. The HS6ST3 possess dual activity thus becoming 

an intermediate (Smeds et al. 2003).The HS3ST consists of 7 isoforms with HS3ST-2, 4 and 5 

predominantly found in human brain while HS3ST-1 and 3 are expressed ubiquitously. These 

HS3ST perform the O-sulfation at the 3rd position of the GlcNAc residue (Kusche-Gullberg et 

al. 2003) (Liu et al. 2012). 

 

2.7.4.6 D-Glucuronyl C5-epimerase: 

The D-Glucuronyl C5-epimerase (GLCE) is found throughout the human body. In Heparan 

sulphate synthesis, it carries out the function of epimerization of D-Glucuronic acid into L-

iduronic acid and hence its name. The D-glucuronic acid which is initially in a state of 

conformational stress is released by the epimerization and  results in exposure of specific 

areas could be accessed by the ligands on the HS chain (Grigorieva et al. 2008) (Ghiselli et al. 

2005). 

 

2.7.4.7 Xylosyltransferases: 

The Xylosyltransferases (XT) are residents of the Golgi complex. Two mammalian forms of 

the XT exist, XT-1 and XT-2. It has been shown that XT-1 can be excreted into the ECM and 

at this location exhibit high activity. When compared to other glycosyltransferases the size of 

XTs are quiet larger. The function of the XT is to link UDP-xylose at specific serine residues 

in the core protein which is done by the transfer of the xylose from the former to the later 

(Gotting et al. 2000) (Ponighaus et al. 2009). 

 

2.7.4.8 Heparanase (HEPS): 

Heparanase belongs to a class of endo-β-D-glucuronidase enzymes (Li et al. 2012) (Cohen-

Kaplan et al. 2012). Their expression in mammals is mostly at lower concentration but it is 

expressed in tissues in an ubiquitous manner (Li et al. 2012). Heparanase is the only enzyme 

present in ECM that has the capacity to cleave heparan sulfate chains (Li et al. 2012; Li et al. 

2012) (Li et al. 2012) (Cohen-Kaplan et al. 2012). As a result of the heparanase activity, this 

ECM barrier is broken and heparanase have also been linked with migration of several cancer 

cells (Li et al. 2012) (Li et al. 2012) (Cohen-Kaplan et al. 2012).  
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2.7.4.9 Glyceraldehyde-3-phosphate dehydrogenase: 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), is an important enzyme in glycolysis. 

This enzyme is expressed ubiquitously almost in all cell types (Tang et al. 2012). It is widely 

used as housekeeping gene or a reference gene because of their constant expression 

(Zainuddin et al. 2010).  

 

2.8 AIMS: 

This work aims to investigate if high glucose concentration affects proteoglycans present on 

the islets of Langerhans. 

For this I have studied: 

mRNA levels of proteoglycan core proteins and enzymes relevant for chain synthesis  in 

MIN6 cells and human and mouse islets cultured at high and low glucose concentrations.  

Analysis of HS chain length from human islet cultured at high and low glucose. 
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3. MATERIALS AND METHODS 

3.1 Cell Line and isolated Islet: 

 

MIN6 Cells: MIN6 cell line is a β-cell line that has kept its capacity to secret insulin in 

response to glucose. This cell line was a kind gift from Anders Tengholm, BMC, Uppsala 

University, Sweden (Miyazaki et al. 1990) (Ishihara et al. 1993) (NAKASHIMA et al. 2012).  

 

Human Islet: human islet were received from The Nordic Network for islet Transplantation, 

Uppsala University, Sweden. 

 

C-57 B/6: These outbreed mouse strain was used for islet isolation and was provided by Jin-

Ping Li, BMC, Uppsala, Sweden. 

 

3.2 mRNA Isolation and cDNA Synthesis: 

 

MIN6 cells and C57B/b islets were cultured at low glucose (11mM glucose (LG)) and high 

glucose (22mM (HG)) and human islets were cultured at 5.5mM (LG) and 22 mM (HG). The 

MIN6 cells were recovered at different time points: 0, 3, 5 and 14 days and the human and the 

mouse islets were incubated for 14 days. From the islets and the MIN6 cells mRNA was 

isolated and purified using RNeasy Mini kit (Qiagen, Sollentuna, Sweden) following the 

instructions given by the suppliers. The RNA concentration was measured using Nanodrop 

(Nanodrop technologies Inc, USA) and the cDNA was synthesized from the mRNA using 

oligo dT primer (First strand cDNA synthesis kit (Fermentas Life Sciences, Gothenburg, 

Sweden)). Gene Amp PCR system 9700(Applied Biosystems, Sweden) was used for 

temperature dependent incubation in the cDNA preparation.  

 

3.3 Primer Design: 

 

Primers used in Real time Q-PCR were designed using designer tool supplied through the 

Justbio website (http://www.justbio.com/, 15 August, 2012). First the mRNA sequence for the 

respective target was obtained from NCBI website and pasted into the justbio primer design 

tool. Primers extended over at least one intron. The suggested primer sequences were checked 

using NCBI blast program. This was done in order to verify their uniqueness.  

 

 

3.4 Q- PCR and Analysis: 

 

In the field of nucleic acid analysis, PCR has proven to be an inseparable tool in analysis with 

the emergence of Q-PCR further increasing the bond by simultaneous amplification, detection 

and quantification of DNA/RNA of interest. There are different detection methods in Q-PCR 

but in this report we use a dye based detection technique.  

http://www.justbio.com/


17 
 

The dye which we use is the Syber Green Master mix (ROX) purchased from Roche Applied 

Sciences (Bromma, Sweden). ROX is a passive reference dye that is added in a Q-PCR in 

order to normalize well to well differences that can arise due to errors during pipetting or 

instrument limitation. Syber Green binds to double stranded DNA molecule and emit 

fluorescence which is detected by the instrument.  

 

3.4.1 Q-PCR Requirements: 

We used the Q-PCR apparatus from Applied Biosystem 7900HT. With this apparatus we 

could use 384 well plates and a sample volume of 10 µL.  

Table1 presents calculations for Q-PCR. 

 

3.4.2 Q-PCR setup: 

Relative and absolute quantifications are two methods by which nucleic acid is quantified in a 

Q-PCR system. In the absolute quantification method we quantify the unknown variable using 

the known values by first plotting a standard curve to which unknown variables are compared 

and quantified while in relative quantification we use a reference sample to which the target is 

compared and quantified. 

 

 

Table 1: Indicating the materials required for performing a Q-PCR 

Materials 

Required 

Initial 

Concentration 

Required 

Concentration  

Dilution Final  

Concentration 

Final 

Volume 

cDNA 5µg/20µL 5ng/10 µL 1 µL in 

200 µL 

Water 

1.25ng/ µL 4 µL 

Primers 100µM 0.4 µM/10 µL 1 µL in 25 

µL 

Water 

4 µM/ µL 1 µL 

Rox Sybr 

Green Mix 

2X 2X  2X 5 µL 

      

Total     10 µL 
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Table 2: Describe the steps involved in a Q-PCR 

Process Program(Temperature) Time  No of Cycles 

Initial Denaturation 95°C 5 mins 1 cycle 

PCR Cycles 

Denaturation 

Annealing 

Extension 
 

 

95°C 

54°C 

72°C 
 

 

30 sec 

30 sec  

30 sec 
 

 

 

   50 Cycles 

Dissociation Pre Programmed - - 

 

 

 

3.5 HS Analysis: 

 

The islets that were to be used for HS chain length analysis were first labeled with 35S. This 

was done by incubating the islets in a medium containing radioactive sulfur 35S for 72 hours. 

Then the samples were separated into two parts each: one with secreted HS and the other with 

the cells that contained the cellular HS of the high and low glucose respectively. The cells 

were homogenized to remove the cellular HS and kept on a rocker after mixing with 2ml ExB 

(4M Urea, 1% Triton X-100, 50mM Tris-HCl pH 7.4, 0.1M NaCl). 

 

3.5.1 DEAE:  

Diethylaminoethyl is an anion exchange chromatography medium that bind negatively 

charged sulfate groups as in HS. These DEAE are usually used for ion-exchange 

chromatography. A column with 1ml DEAE sephacel (from GE Healthcare) was equilibrated 

with ExB at least 10 column volumes. Sample was applied and the column was washed with 

buffer A (50mM NaAc, ph 4.5, 0.1M NaCl) until radioactivity becomes nil. The bound part is 

eluted out with buffer B (50mM NaAc, ph 4.5, 3M NaCl) which was followed by desalting by 

the use of PD-10 column (GE Healthcare). The eluate was lyophilized and radioactivity was 

measured. 

 

3.5.2 Chondroitinase Treatment: 

Chondroitinase is an enzyme that helps to digest chrondroitin sulphate. The function for this 

enzyme is to remove any chrondroitin that may interfere with the HS. The eluted HSPG was 

treated with the enzyme for 18 hours at a temperature of 37°C followed by benzoase 

incubation which digests the DNA in the sample. The reaction is stopped by boiling. The 

DEAE separation was used to isolate pure HSPG. It was equilibrated before sample 

application with buffer C (50 mM tris HCl, pH 7.4, 0.1 NaCl). The column was washed with 

buffer B after sample injection till radioactivity in the eluate is zero. The eluate was desalted 

in PD-10 column followed by lyophilization and then dissolved in distilled water.  
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3.5.3 Alkaline treatment: 

To a part of Chondroitinase treated sample 0.5M NaOH was added and kept on ice overnight 

with agitation. The following day the pH was neutralized with HCl. 

 

3.5.4 HS Chain Length Analysis: 

The Chondroitinase, alkaline and nitrous acid treated PG was separated through aSuperose-12 

HPLC column, fractions were collected and cpm was determined. From these elution profiles 

were chain lengths for HSPG were determined. 
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4. Results: 

Amyloid is described to be a proteinous deposition, but independent of amyloid protein all 

deposits contain glycosaminoglycans. It has been suggested that proteoglycans participate in 

the amyloid formation. This mechanism could be by binding the amyloid protein and thereby 

increase its local concentration. Islet amyloid made up by IAPP is a frequent find ing in 

patients with type 2 diabetes and HSPG is always present in these amyloid deposits. Patients 

with diabetes have high blood glucose levels and I have investigated if an increase in glucose 

concentration affects proteoglycan synthesis.  

 

Q-PCR is a high sensitive method that must be performed under controlled conditions.  

For running a Q-PCR there are 2 things to take in account to make analysis successful:  

The quality and concentration of mRNA and cDNA must be high. To ensure this, all cells and 

islets have been collected and directly dissolved in Qiasol by homogenization. This step 

inactivates RNase. 

 

For Q-PCR primers design certain parameters must be taking into account. When I designed 

primers I tried to fulfill the following  

 Primer length between 18 to 24 base pairs. This since shorter primers will 

result in non-specific binding and larger primers will lead to a lesser amount of 

amplicon by taking more time to hybridize, extend and remove from the 

template. 

 The melting temperature Tm- of the primers should be higher  than the melting 

temperature of the template secondary structure. The difference in Tm between 

a primer pair should not be more than 2 °C. 

 The G/C content of the primer should be between 40 to 60% of the total 

nucleotide content. 

 The specificity of the primer pair was checked with NCBI blast program. The 

primer pair is considered specific only if E-value is close to zero and a 

maximum identity of 100%. 

Design 5’ and 3’ primers so they start in different exons and thereby span over an intron. This 

is to avoid or at least be able to identify amplification of genomic DNA through the non-

optimal dissociation curve analysis. This analysis is performed after Q-PCR analysis and 

gives information about the dissociation temperature of the amplicon. The presence of 

multiple peaks after dissociation analysis is indicative for more than one amplicon.   

 

At first Q-PCR was run at 3 different annealing temperatures (50, 52 and 54) and dissociation 

curves for all included primer pairs were analyzed. With dissociation curves it is possible to 

compare the fluorescence of the amplified products (double strand DNA). The melting 

temperature of the products differs due to variation in GC content, size of the product, 

secondary structures etc. Each primer pair is expected to give rise to a single peak. If the 
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dissociation analysis revealed multiple curves, primers were redesigned. From these analyses 

optimal primer pairs were selected and used at an annealing of 54°C.  

The mRNA obtained from MIN6 cells was of good quality and high concentration 5µg/µl. 

The Q-PCR reaction volume was 10 µl and contained 5 ng cDNA, 4µM of each primer, 5 ul 

of the master mix Syber green. For cDNA synthesis 1 µg mRNA was used.  

Low mRNA concentrations were obtained from human isle ts cultured at high and low glucose 

for 14 days. 

The Q-PCR results from MIN6 cells, human islets and C57b/6 mice islets were divided into 

three graphs each for it to become more transparent. The enzyme part is therefore present in 

all three graphs of MIN6 cells and human islets. The results presented in the graphs are given 

as fold change in PG/enzymes cultured in HG to that of LG correlation to the housekeeping 

gene GADPH. 

  

Figure 5: Graph shows the difference in expression for SRG in MIN6 cells cultured for 3, 5 

and 14 days in LG and HG. 

 

An increase in SRG expression caused by high glucose culture can be observed in MIN6 cells 

cultured for 5 and 14 days. We have from earlier studies biochemical indication for 

proteoglycans in secretory granules in beta cells and there are reports on PG in granules of 

other endocrine cells. Therefore, increase of SRG expression could depend on an increased 

hormone production/storage in beta cells.  
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Figure 6: Graph show expressions for GPC 1-6 and SDC 1-4 in MIN6 cells cultured for 3, 5 

and 14 days in LG and HG. 

Expression of GPC family PGs do not show any dramatic difference between ce lls cultured at 

HG and LG for 14 days. However, a minor increase in expressions of GPC-2 and -3 were 

observed in cells cultured at high glucose for 14 days. Expressions of SDC -2 and -3 increase 

in MIN6 cells cultured for 14 days at high glucose (figure 6). 

 

Figure 7: Graph shows the expression for SRG, GPC 1-6 and SDC 1-4 in human islets 

cultured for 14 days in LG and HG. 

 

The result indicates a decreased expression of SRG in human islets cultured at HG for 14 day. 

From the graph we can also see that the expressions of GPC-2,-3 and -6 are increased in islets 

cultured at high glucose when compared to islets cultured at low glucose.  GPC-1 expression 
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showed only a minimal increase in islets cultured14 days at high glucose. The differences in 

GPC expression between mouse MIN6 cells and human islets can be a species difference. Q-

PCR analysis shows an increased expression of SDC-2,-3 and -4 in islets cultured at high 

glucose for 14 days when compared to islets cultured at LG.  

 
Figure 8: Graph shows the expressions for SRG, GPC 1-6 and SDC 1-4 in C57b/6 mice islets 

cultured 14 days in LG and HG. 

 

A slightly higher expression of GPC-4 is observed in islets cultured at LG for 14 days. There 

is an increased expression of SDC-2 on 14 day cultured islets but the increase is very small. 

The SRG does not show an increased expression on 14 day cultured islets on HG condition 

 

 
Figure 9: Graph shows the expressions for enzymes related to PG synthesis in MIN6 cells 

cultured for 3, 5 and 14 days in LG and HG. 
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The enzymes Ext-1, NDST-1, NDST-2 and the HS6ST’s -2 and -3 shows a higher expression 

in cells cultured at HG for 14 days when compared to cells cultured at LG for the same time 

period (figure 8). The GLCE show a slight increase for MIN6 cells cultured for 14 days under 

high glucose condition. 

 

 
 Figure 10: Expressions for enzymes related to PG synthesis in human islets cultured for 14 

days in LG and HG. 

 

The enzymes ExtL, NDST-4, GALT and GLCE shows a higher expression in islets cultured 

at high glucose for 14 days than expression levels determined in islets cultured at low glucose.  

Other enzymes HS6ST-3 and Heps showed a slight increase in expression for 14 day islets 

cultured in HG. 

 

  
Figure 11: Graph shows the expressions for enzymeExt-1 in C57b/6 mouse islets cultured for 

14 days in LG and HG 
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From the above graph it can be seen that the expression of Ext-1 was higher in islets cultured 

for 14 days in HG conditions. 

 

 

 
Figure 12: Expressions for enzymes related to PG synthesis in C57b/6 mouse islets cultured 

for 14 days in LG and HG. 

 

 

Enzymes Ext-2, NDST-1, Hs6st-1 and GLCE show a slight increase in expression in islets 

cultured for 14 days in HG.(Figure 12) 

 

We tried to perform biochemical characterization of the pro teoglycan associated with cell 

membranes and secreted from cells in human islets, cultured at high and low glucose for 14 

days. Due to the low amount of islet material that remained after this extended culture period 

the analysis could only be performed once, and this must be taken in account when the results 

are evaluated. However, the accessibility to large quantities of human islets are limited and 

we think that some conclusions can be drawn.  

 

Human islets were cultured at 5.6 and 22 mM glucose for 14 days. The medium was changed 

3 times a week.   After day 14 the medium was supplied with 35S and the islets were cultured 

for 72 hours. PGs were recovered from cells and medium. The initial number of counts is 

listed in table 3. 
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Table 3: Table shows cpm of the samples before and after Chondroitinase treatment  

HS/PG count Before 

chondroitinase 

treatment 

After chondroitinase 

treatment 

Reduction in 35S counts 

after chondroitinase 

treatment in % 

High Glucose 

cellular(HGC) 

115000 51000 56 

Low Glucose 

cellular(LGC) 

64000 25000 61 

High Glucose 

secreted (HGS) 

118000 31000 74 

 

Low Glucose 

secreted (LGS) 

72000 20000 73 

 

 

 

 

 

 
Figure 11: Chain length analysis of HS isolated from the cellular fraction from human islets 

cultured at 5.6mM and HG 22mM  
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Figure 12: Chain length analysis of HS isolated from secreted fraction from human islets 

cultured at 5.6mM and HG 22mM.  

 

 

HS chains isolated from cellular fraction were separated on a Suprose12 column. Elution of 

HS isolated from the cellular fraction from islets cultured at LG (Red line) starts at  6ml while 

the elution of HS isolated from cellular fraction of HG cultured islets (Blue line) starts at  

7.5ml (Figure 11).This shift in elution volume appoints to change in chain length between the 

two samples. The HS from the LG have longer chains than HS cellular fraction isolated from 

islets cultured at HG. The elution profile in figure12 shows that  HS isolated from secreted 

fraction of LG cultured islets (elute at  7.5ml while elution of HS isolated from secreted 

fraction of HG cultured islets (Blue line) starts from 11.5ml. Though there is a marked change 

in elution volume we cannot say that there is a corresponding change in the chain length of 

the HS isolated. This can be attributed to the fact that the elution profile of secreted HS 

contains lots of skewed peaks. There is only a single value which is more than 50 cpm counts 

for HS isolated from secreted fraction of HG cultured islets. The reason for this could be that 

the heparan sulphate count is very low. The chondroitinase digestion resulted in a 

considerable loss of cpm=GAG counts as shown in table 3.This indicate that most of the GAG 

is of chondroitin origin. 
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5. Discussion: 

There was a large variation in PG and enzyme expression in islets and MIN6 cells. There 

could be many reasons for this. One reason could be that MIN6 cells are made up mostly by 

beta-cells while islets are made up by 5 different cell types. Also an important factor to take in 

account is that islet amyloid forms in human islets cultured for 2 weeks. This amyloid affects 

beta-cells negatively and will lead to cell death. Therefore, islets cultured for 2 weeks at HG 

will contain less beta-cells compared to islets cultured at LG. 

 

Culture of MIN6 cells at HG led to an increased expression of GPC-2, SDC-2,-3 and -4.GPC-

1,-2,-3,-6 and SDC-2,-3,-4 showed a higher expression in islets cultured for 14 days at HG.  

 

Studies on rats with streptozotocin induced diabetes showed an increased syndecan-4 and 

glypican-1 expression in skeletal muscles and cardiac muscles respectively (Strunz et al. 

2011). Conclusions from our results could not be made since there are not many publications 

that could relate PGs expression in islets to diabetes. 

 

From the results presented in graphs 8-10 we can see that Ext-1 shows an increased 

expression in MIN6 cells and C57b/6 mice islets cultured in HG for 14 days. When Ext-1 and 

Ext2 are present as a complex they generate HS with a much longer chain length than HS 

chains that are generated when they act  individually. Studies on Ext-1 have shown that Ext-1 

over-expression resulted in an increase in chain length and an absence of either Ext-1 or Ext-2 

results in shorter HS chain length. In human islets cultured at HG condition we can see an 

increased ExtL-3 expression and also a decrease in Ext-1 and Ext-2 expression. One 

important earlier reported finding was that in ExtL-3 knockout mice expressing Ext-1 HS was 

markedly reduced which suggest that ExtL-3 is required for chain elongation by Ext-1(Okada 

et al. 2010) (Busse et al. 2007) (Axelsson et al. 2012). 

Proteoglycan expression was altered in MIN6 cells and human islets when these were cultured 

at high glucose. Of interest is the finding that serglycin expression is up-regulated in MIN6 

cells. The expression of serglycin in MIN6 cells increased considerably when cultured for 5 

and 14 days at HG concentration. Further studies such as immunolabelling with serglycin 

specific antibodies might answer the question if increased expression results in increased 

protein production, but also if serglycin co-localizes with IAPP in secretory granules. The 

latter can be explored using the proximity ligation assay (PLA). An assay that can be used for 

co-localization studies if two proteins are within 40 nm of each others.  

 

From the Q-PCR and biochemical analysis results we can speculate on a few conclusions. 

From biochemical analysis we can see that HG culture cellular HS have a lower chain length 

than LG cultured cellular HS. If these shorter chains have the same degree of sulfation as 

longer chain length, this gives rise to higher negative charge. This leads to increased IAPP 

attachment in the shorter HS leading to IAPP amyloid aggregation.   
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We know that IAPP aggregation starts intracellular or extra cellular. We can see an increase 

in SRG (intracellular proteoglycan) expression in MIN6 cells cultured for 14 days under high 

glucose condition.  Taken together, we can speculate that the presence of SRG along with 

IAPP in secretory granules under hyperglycemic condition could play a vital part in IAPP 

aggregation. 

 

Differences in enzyme expression are not yet understood, and my experiments must be seen 

as pilot experiments. However, it is relevant to repeat and expand the analysis and include 

islets isolated from diabetic mice. 
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8. Appendix 

8.1 Abbreviations: 

Amino acid – aa 

Central Nervous System – CNS 

D-Glucuronyl C5-epimerase – GLCE 

Diethylaminoethyl - DEAE   

Electron Microscopy - EM 

Exostosin - Ext 

Islet amyloid polypeptide - IAPP 

Glyceraldehyde-3-phosphate dehydrogenase - GADPH 

Glycosylphosphatidylinositol - GPI 

Glypican - GPC 

Gycosamino glycans – GAG 

Heparanase - HEPS 

Heparan sulfate 2-O sulfotransferases – Hs2st 

Heparan sulfate 3-O sulfotransferases – Hs3st 

Heparan sulfate 6-O sulfotransferases – Hs6st 

Heparan Sulfate Proteoglycan – HSPG 

High Glucose - HG 

Low Glucose - LG 

N-Deacetylase-N-sulfotransferases - NDST 

Proteoglycan - PG 

Quantitative Polymerase chain reaction - Q-PCR 

Serglycin - SRG 

Syndecan – SDC 

Xylosyltransferases - XT 
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8.2 Table showing list of human primers 

Gene Primers(5’ 

and 3’) 

Sequence Melting 

Temperature(TM) 

°C 

Length 

of the 

Band 

GPC 1 Forward TGCTGCCTGATGACTACCTG 59.4 282 

Reverse TGAGCACATTTCGGCAATAG 55.3 

GPC 2 Forward TGAGACAGAGCAGAGGCTGA 59.4 146 

Reverse GCTGGGCTACTGAGAGCATC 61.4 

GPC3 Forward CTGGATGAGGAAGGGTTTGA 57.3 285 

Reverse CAGTCAGTGCACCAGGAAGA 59.4 

GPC 4 Forward TTCGAGTGATGACCAGCAAG 57.3 188 

Reverse AGCACTGTCGGCTTTCTCAT 57.3 

GPC 5 Forward TATCCGGTCGTTGGAAGAAC 57.3 232 

Reverse GGTGGTCTTCATTCCATGCT 57.3 

GPC 6 Forward TGCACCACAGAAATGGAAGA 55.3 299 

Reverse GCCCAAAAGTCATTGAGCAT 55.3 

SDC 1 Forward ACCACTCATCAGGCCTCAAC 59.4 263 

Reverse GTATTCTCCCCCGAGGTTTC 59.4 

SDC 2 Forward CCAGCCGAAGAGGATACAAA 57.3 186 

Reverse GCGTTCTCCAAGGTCATAGC 59.4 

SDC 3 

 

Forward GATGACTCCTTTCCCGATGA 57.3 197 

Reverse TCAGAGGGGAGCTCTTCAAA 57.3 

SDC 4 Forward CCACCGAACCCAAGAAACTA 57.3 259 

Reverse GGTTTCTTGCCCAGGTCATA 57.3 

SRG Forward CCGTCTGAGGACTGACCTTT 59.4 143 

Reverse TTTCCGTTAGGAAGCCACTC 57.3 

Ext 1 Forward CTCAGCAATGGATGGGAGTT 57.3 160 

Reverse CCCACAAGAATTGTGTCTGC 57.3 

Ext 2 Forward TAGAAGCCCTCCAGGTCAAA                57.3 163 

Reverse CCACGAAGAACCACACAGAA 57.3 

Extl 3 Forward CAACCGATTCTTACCCTGGA 57.3 239 

Reverse GAAAGAAGGCAGCACCTGTC 59.4 

NDST1 Forward CACTGCATACCCCATGTCTG 57.3 100 

Reverse CCACCTTTTCCACAACCAGT 59.4 

NDST2 Forward CCTCACATCAAAGGTCAGCA 57.3 141 

Reverse GCTAAAATGCAGCGGCTAAG 57.3 

NDST3 Forward GATGACAAACGCCACAGAGA 57.3 152 

Reverse GGGCTGGGGGAGTTACTAAG 61.4 

NDST4 Forward TTTACTGCGCACTCAGGTTG 57.3 144 

Reverse CACATGTGAGGAAACCACCA 57.3 

HS2ST Forward CTCTCGCTGTCGCTCTCTCT 61.4 287 

 Reverse GCTCAATTTCTCGGACTTCG 57.3 
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HS6ST1 Forward AAGAAGTGCACCTGCTACCG 59.4 273 

Reverse CCCATCACACATATGCAACG 57.3 

HS6ST2 Forward CGGGGTTCTCCAAACACTAA 57.3 108 

Reverse GTCTCGGAGGATGGTGATGT 59.4 

HS6ST3 Forward GCCATCATGGAGAAGAAGGA 57.3 124 

Reverse CCCCTCTCTGGACATGTTTC 59.4 

Gene Primers(5’ 

and 3’) 

Sequence Melting 

Temperature(TM) 

°C 

Length 

of the 

Band 

HS3ST1 Forward GCCATCCAGAAACTTGCTCT 57.3 162 

Reverse AGCAGGGAAGCCTCCTAGTC 61.4 

HS3ST2 Forward GGAACCCCACTTCTTTGACA 57.3 134 

Reverse GTCGAGGAGCCTCTTGAGTG 61.4 

HS3ST4 Forward TACGAAAAGGGGTTGGAGTG 57.3 161 

Reverse GGGTTTCTCACCACCACAAT 57.3 

HS3ST5 Forward CGTGGCTGAGACAGAAGCTC 61.4 126 

Reverse CACCCAGTCGACCTTCAATG 59.4 

HS3ST6 Forward CCACTTCTTCGACAGGTGCT 59.4 108 

Reverse ACGAAGTAGCTGGGGGTCTT 59.4 

XYLT 1 Forward TGACTTTGGGAGGCTTCAGT 56.7 239 

Reverse AAGGGGGCTTGTAGTGTGTG 59.4 

XYLT 2 Forward TCTGACTGGTTCGTGCTGAC 59.4 171 

Reverse GTTGTTGTCCACGAGGGTCT 59.4 

GALT Forward TGATCATCCCCTTTTCCAAG 55.3 105 

Reverse ATCTCAGGGACCGACATGAG 59.4 

HEPS Forward ATCAATGGGTCGCAGTTAGG 57.3 213 

Reverse CTTGGTAGCAGTCCGTCCAT 59.4 

GLCE Forward GGCGAATGTGGCTGATAAGT 57.3 151 

Reverse CACGGACACACTTCCATTTG 57.3 

GAPDH Forward ACGGGAAGCTTGTCATCAAT 55.3 105 

Reverse TGGACTCCACGACGTACTCA 59.4 
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8.3 Table showing list of Mouse primers  

Gene Primers(5’ 

and 3’) 

Sequence Melting 

Temperature(TM) 

°C 

Length 

of the 

Band 

GPC 1 Forward ACAACCCTGAGGTGGAAGTG 59.4 283 

Reverse GCAGCTGAGGTCTTCTGTCC 61.4 

GPC 2 Forward TGAATGAGCAGCTCCACAAC 57.3 307 

Reverse CCCTGGTTGTATCTGGCACT 59.4 

GPC3 Forward CCCTGAATCTCGGAATTGAA 55.3 447 

Reverse CATGTTCGACATGAGCGACT 57.3 

GPC 4 Forward ATTTCAAAACCGTGGTCAGC 55.3 289 

Reverse GAGTTCACCAGGCGAAACAT 57.3 

GPC 5 Forward GCTCCTGAACTTCCACTTGC 59.4 123 

Reverse GGGCTCTGTGTTGGTGTTCT 59.4 

GPC 6 Forward TGTGAGGACCACGTTTGTGT 57.3 284 

Reverse CCAGGTAGTCCTCGCTGAAG 61.4 

SDC 1 Forward CTCAGAGCCTTTTGGACAGG 59.4 106 

Reverse ATCCGGTACAGCATGAAAGC 57.3 

SDC 2 Forward CCCAAAGTGGAAACCATGAC 57.3 230 

Reverse GCAAAGAGAAAGCCGATCAC 57.3 

SDC 3 

 

Forward TGACGACTCGTTTCCTGATG 57.3 284 

Reverse TGGTAGCTTTCTGGCTGGAC 59.4 

SDC 4 Forward AACCACATCCCTGAGAATGC 57.3 230 

Reverse AGGAAAACGGCAAAGAGGAT 55.3 

SRG Forward GTCCTGGTTTGGGGATCTTC 59.4 153 

Reverse AGGGCCGATGTTATTGGATT 55.3 

Ext 1 Forward TGGAGGCGTGCAGTTTAGG 58.8 106 

Reverse GAAGCGGGGCCAGAAATGA 58.8 

Ext 2 Forward TGGGATCGAGGAACAAATCACC 60.3 134 

Reverse TGCCGGTAAGTCCAGGTAGAA 59.8 

NDST1 Forward CCCAGTGGCCCTAAAGTACA 59.4 205 

Reverse GTCCATGACTTTGGCAGGTT 57.3 

NDST2 Forward CTGTGATCGACTCCCCAAGT 59.4 261 

Reverse GGTACGACCTCCGAGTCAAA 59.4 

HS2ST Forward ATGGGGCTCCTCAGGATTAT 57.3 171 

Reverse ATGGCGCTGTTCAATTTCTC 55.3 

HS6ST1 Forward CGGACCCACATTACGAGAAAA 57.9 216 

Reverse GATTGGGCCGATAGCAGGTG 61.4 

HS6ST2 Forward ACCGGGGAAGTCAGAAGCA 58.8 106 

Reverse CTCTACGCTCCCTATGTAGTCAT 60.6 

HS6ST3 Forward GATGAAAGGTTCAACAAGTGGC 58.4 109 

Reverse CGAAGTTGGTGCATGAGCTG 59.4 
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HEPS Forward CCGAGAGCAGTACCAAAAGG 59.4 139 

Reverse CCGTAAGTCTGGGGTTCGTA 59.4 

GLCE Forward GCAGCTCGGGTCAACTCTAAG 59.8 141 

Reverse TCCATCCACTCTGAATCCACT 57.9 

GAPDH Forward AACTTTGGCATTGTGGAAGG 55.5 222 

Reverse CACATTGGGGGTAGGAACAC 55.5 

 


