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Abstract 

The aim of the study was to investigate the expression NDST transcripts in a wide variety of tissues using 

RNA-sequencing experimental data from five published studies, using two common in silico tools: the 

Tophat-Cufflink pipeline and the HTSeq-DEXSeq pipeline. We show that to detect NDST alternative 

transcripts, paired-end sequencing should be used with replicates of samples or conditions together with 

100 base read length to allow for reliable detection of the low expressed transcripts in the NDST family.  

As a demonstration project, we also characterized HS synthesized by the adrenal carcinoma (ACC) cell 

line H295R and determined expression of NDSTs in the cells and in ACC tumor samples. We could 

show that roughly 65% of newly synthesized proteoglycans isolated after metabolic 35S-sulfate labeling of 

the cells are made up of heparan sulfate (HS) with an average chain length of 45 kDa. The HS chains 

show a high frequency of N-sulfation and a high total degree of sulfation. Interestingly, disaccharide 

analysis demonstrated a three-time higher amount of stored chondroitin sulfate (CS) compared to HS in 

the ACC cell line.  
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Background 

Heparan sulfate 

Heparan sulfate proteoglycans (HSPGs) are components of the extracellular matrix and occur attached to 

the cell membranes in all eukaryotic cells. HSPGs consist of a core protein with at least one heparan 

sulfate (HS) glycosaminoglycan (GAG) chain attached to it. A GAG is a long linear polysaccharide chain 

consisting of ten to several hundreds of repeating disaccharide units. There are six different types of 

GAGs, including chondroitin sulfate (CS), dermatan sulfate, keratan sulfate, heparan sulfate, heparin and 

hyaluronan. The sulfated GAGs (all except hyaluronan) are covalently linked to a proteoglycan (PG) core 

protein (Oh et al., 2011). HS is composed of alternating N-acetylated or N-sulfated glucosamine units and 

hexuronic acid (glucuronic acid (GlcA) or iduronic acid (IdoA)). HPSGs can be divided into four 

subfamilies: membrane-spanning proteoglycans such as syndecan, betaglycan and CD44v3; the secreted 

extracellular matrix proteoglycans agrin, collagen XVIII and perlecan; the glycophosphatidylinositol 

(GPI)-linked glypican and the secretory vesicle proteoglycan serglycin. Core proteins carrying HS can 

sometimes also be substituted with CS and contain N-linked and/or O-linked oligosaccharides (Bishop, 

Schuksz, & Esko, 2007). HS chains are assembled on their core protein by specific enzymes in the Golgi 

compartment, using nucleotide sugars brought from the cytosolic area of the cell. During HS 

construction, the chains go through a series of processing reactions including GlcNAc N-deacetylation 

and N-sulfation, epimerization of GlcA to IdoA, and O-sulfation resulting in short segments of sulfated, 

epimerized regions interspersed by unmodified regions (Bishop et al., 2007).  

The biological activities of HSPGs are dependent on multiple features such as chain length, sulfation 

pattern and epimerization, creating a diverse functional variation between different HSPGs.  Highly 

sulfated GAGs such as heparin are one of the most highly negatively charged non-synthetic polymers that 

exist (Sarrazin, Lamanna, & Esko, 2011). Depending on the arrangement of the negatively charged sulfate 

groups, binding affinities and the epimerization states of the HSPGs, the location of ligand-binding sites 

will be different in different HSPGs. The sulfation pattern, organization of modified residues and the 

amount of uronic acid epimerization is believed to be unique to each cell type that expresses HS, instead 

of being dependent on the type of core protein (Kato, Wang, Bernfield, Gallagher, & Turnbull, 1994). 

However, exceptions exist (Tveit, Dick, Skibeli, & Prydz, 2005). Due to their high negative  charge, HS 

chains can bind to a wide variety of proteins, such as members of the fibroblast growth factor (FGF) 

family, bone morphogenetic proteins (BMPs), transforming growth factors (TGFs), chemokines, 

interleukins, Wnt proteins, enzymes and enzyme inhibitors (Bishop et al., 2007). An example of a well-

studied interaction is that between HS and FGF, where the GAG chain promotes binding between the 

FGF and its receptor, resulting in formation of a complex which lowers the concentration of FGF 

required to initiate a signaling through the receptor, extending the duration of the interaction (Forsten-

Williams, Chua, & Nugent, 2005)(Mohammadi, Olsen, & Ibrahimi, 2005). 
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The large structural variation results in a multitude of functions, such as development of the basement 

membrane barrier, support of epithelial growth and regulation of transport and extravasation of cells 

during inflammation stages (Hull, Montgomery, & Leyva, 2017). In addition, HSPGs on cell surfaces are 

involved in establishing morphogen and chemokine gradients of vital importance during embryonic 

development (Patel, Pineda, & Hoffman, 2017)(Coulson-Thomas, 2016). HSPGS located in secretory 

vesicles affect the storage of the vesicle content and their secretion thereby regulating defense 

mechanisms and wound repair (Reine et al., 2015)(Melo et al., 2014). HSPGs associated with the plasma 

membrane can function as co-receptors for growth factors, promoting and mediating the transduction of 

signaling pathways and cooperating with cell adhesion molecules such as integrins are examples of 

coreceptor functions (Elfenbein et al., 2012)(Soares et al., 2015)(J. Li & Spillmann, 2012) Due to the 

essential roles of HSPGs in cellular and development processes, alterations in amounts and structure of 

HSPGs can alter their functions and lead to the development of cancer (Hull et al., 2017). 

HS synthesis is localized to the Golgi network, where the enzymes responsible for the structural 

formation of HS are attached to the Golgi membrane. The synthesis is dependent on transport of 3′-

phosphoadenosine-5′-phosphosulfate (PAPS) and UDP-sugars from the cytosol into the Golgi 

compartment by specific transporter proteins (Kreuger & Kjellén, 2012). Before the polymerization of 

HS can start, a linkage region must be formed by the transfer of xylose from its UDP-sugar by a 

xylosyltransferase (XYLT) to a serine residue followed by addition of two galactose (Gal) residues and a 

GlcA. After transfer of a GlcNAc residue by exostosin like glycosyltransferase 3 (EXTL3), the Exostosin-

1 and 2 (EXT1/EXT2) polymerase complex, add alternating units of GlcNAc and GlcA to the non-

reducing end of the growing chain. This is followed by multiple modification reactions starting with N-

deacetylation/N-sulfation by the NDST enzymes, which catalyze both the N-deacetylation and the N-

sulfation of the GlcNAc residues. This will transform the repeating disaccharide structure into an N-

sulfated heparosan used as a substrate for the coming modifications of the HS synthesis (Pikas, Eriksson, 

& Kjellén, 2000), (van den Born et al., 2003). Epimerization of GlcA residues into IdoA by the enzyme 

C5-epimerase then occurs. A HS-2-O-sulfotransferase (2OST), glucosaminyl 6-O-transferases (6OSTs) 

and glucosaminyl 3-O-sulfotransferases (3OSTs) will then perform 2-O-, 6-O- and 3-O-sulfation finishing 

the modification process. Afterwards the core protein is transported out of the Golgi to the cell 

membrane or to the extracellular space (Fig. 1)(Kreuger & Kjellén, 2012).  
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Figure 1: Graphic illustration showing the biosynthesis of Heparan Sulfate (HS). Polymerization of HS start by attaching a serine with xylose by 
xylosyltransferase (XYLT) to the serine. Galactose (Gal) are added to the chain by galactosyltransferase 1 and 2 (GalT-1/GalT-2), GlcA is added 
by exostosin like glycosyltransferase 3 (EXTL3), next Exostosin-1 and 2 (EXT1/EXT2), adding alternating units of GlcNAc and GlcA to the 
non-reducing end of the emerging chain. Followed by multiple modification reactions starting with N-deacetylate/N-sulfation by the NDST enzymes, 
catalyzes both the N-deacetylation and the N-sulfation of the GlcNAc. Turn it into a N-sulfated heparosan used as substrate for epimerization by the 
enzyme C5-epimerase. HS2-O-sulfotransferases (2OSTs), glucosaminyl 6-O-transferases (6OSTs) and glucosaminyl 3-O-sulfotransferases (3OSTs) 
performs 2-O-, 6-O- and 3-O-sulphation finishing the modification process. Afterwards the core protein is transported out of the Golgi to the cell 
membrane or to the extracellular space. Image modified from (Kreuger & Kjellén, 2012). 

N-deacetylase/N-sulfotransferases 

The NDST enzymes have a bifunctional enzymatic activity which is used to convert GlcNAc residues 

into GlcNS residues. The enzyme carries two domains, the N-deacetylase domain which removes the 

acetyl group from GlcNAc and converts it into a N-unsubstituted glucosamine (GlcNH2), while the N-

sulfotransferase domain creates a GlcNS by transferring a sulfate group to the GlcNH2. The step is 

crucial for the synthesis of HS due to the requirement of GlcNS residues for most of the rest of the 

enzymes in the synthesis chain to perform their modifications (Dou, Xu, Pagadala, Pedersen, & Liu, 

2015). There are four isoforms of NDST in the human genome (Aikawa, Grobe, Tsujimoto, & Esko, 

2001), NDST1 is the most highly expressed isoform and has important functions in physiological 

development and sustainability. If NDST1 is knocked out in mice, respiratory distress occurs resulting in 

neonatal death (Ringvall & Kjellén, 2010) . However a conditional knock out revealed that NDST1 

activity influenced multiple pathophysiological roles such as neutrophil trafficking (L. Wang, Fuster, 

Sriramarao, & Esko, 2005), lipoprotein clearing (MacArthur et al., 2007), lobuloalveolar development in 

the mammary gland (Crawford et al., 2010) and inhibition of tumor angiogenesis (Fuster et al., 2007). In 

humans, mutations in NDST1 has been correlated to autosomal recessive intellectual disability, presenting 

itself as cognitive and learning impairment, the NDST1-syndrome (Armstrong et al., 2017)(Reuter et al., 

2014). Knock out of NDST2, NDST3 and NDST4 resulted in mild phenotypes in mice (Forsberg et al., 

1999)(Pallerla et al., 2008)(Jao et al., 2016).  
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Analysis of HS from several sources show that the GlcNS residues are not distributed evenly across the 

HS chain. Instead, a HS chain contains both highly sulfated domains, so called N-S domains and regions 

essentially lacking modifications. Previous investigations show that different NDST isoforms has 

different impacts on the length of N-S domains (Sheng, Liu, Xu, & Liu, 2011). The concentration of 

PAPS has also been shown to influence the length of the N-S domains (Carlsson, Presto, Spillmann, 

Lindahl, & Kjellén, 2008). How the protein products of alternatively spliced transcripts influence 

biosynthesis and the structure of HS is not known. So far nine different human NDST1 transcripts have 

been identified where the first two transcripts, NDST1-201 and NDST1-207 (“NDST1 

(ENSG00000070614) - Ensembl,” 2017), contain fully mapped coding sequences (CDS) in the Consensus 

CDS (CCDS) database, both of the two transcripts generates different amino acid sequences. Transcript 

NDST1-201 contains 15 exons while transcript NDST1-207 has 14, lacking a region of 57 amino acids in 

the final protein product. Seven human NDST2 transcripts have been identified, with the first three 

transcripts: NDST2-202, NDST2-201 and NDST2-207 (“NDST2 (ENSG00000166507) - Ensembl,” 

2017) contain fully mapped CDS in the CCDS database, the first two transcripts resulting in identical 

translated proteins. Transcript NDST2-202 contains 15 exons while transcript NDST2-201 has 13 and 

transcript NDST2-207 12. The protein product of NDST2-207 lacks the C-terminal 68 amino acids 

present in the translated proteins of the other two NDST2 transcripts. 

Next generation sequencing (NGS) 

Next generation sequencing (NGS) can be performed using different sequencing technologies, allowing 

for sequencing of millions of small DNA fragments at the same time. By mapping the individual reads to 

the reference genome in silico, the fragments can be assembled. By sequencing each of the three billion 

bases in the human genome multiple times, a high read depth and coverage result in an accurate insight 

into DNA sequence. NGS can be used to sequence a small number of genes, entire genomes, as well as 

all coding genes, the exome, and expression of these genes (Behjati & Tarpey, 2013). One method to 

study gene expression is to use transcriptome analysis, where the transcriptome is the sum of all RNA 

transcripts in a tissue, organ or organism. By targeting the RNA transcripts, a snap shot can be made to 

record all present transcripts in a target at a given time. By combining RNA sequencing (RNA-seq) with 

high-throughput sequencing, mapping from end to end of all transcripts can be performed (Z. Wang, 

Gerstein, & Snyder, 2009). The RNA-seq method maintains a high precision by relying on the use of deep 

coverage and read depth resulting in a high number of replicated reads of the extracted RNA sequence. 

Thanks to this the data generated by RNA-seq carries information beyond quantifying gene expression, it 

can reveal the presence of novel transcripts, detect allele specific expression and identify alternatively 

spliced genes (Kukurba & Montgomery, 2015). During RNA-seq, RNA is isolated from the target and 

converted into complementary DNA (cDNA). The sequencing library is prepared and finally sequenced 

on an NGS technology platform (Fig 2: Sequencing). There are key points to be considered before 

starting a RNA-seq experiment, such as number of technical and biological replicates,  sequencing depth 

and coverage across the transcriptome (Kukurba & Montgomery, 2015). Read lengths and type of reads, 
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single-read or paired-end are important parameters to keep in mind during experimental design. In 

general, a longer read would increase the amount of uniquely mapped reads at the cost of efficiency and 

price. During the start-up of NGS technology, the reads were short, spanning from 25 to 36bp. This was 

sufficient for some assays but much of the reads had to be discarded due to difficulties to map the short 

reads to the reference genome (Rosenfeld, Xuan, & DeSalle, 2009). The last few years, an increase in 

length of reads to 100 bases has been made as standard. In addition, single-read sequencing of the 

fragment from one end, is being replaced by paired-end reads where fragments are sequenced from both 

ends. To detect isoform and splicing differences, 50 base paired-end reads should be sufficient 

(Chhangawala, Rudy, Mason, & Rosenfeld, 2015).  

 

Figure 2: An overview flow chart describing RNA-sequencing (RNA-Seq). There are two main steps in RNA-Seq, sequencing and data analysis. 
After RNA extraction, a library is prepared followed by sequencing on an NGS platform resulting in a raw read output. Data analysis involves 
quality control of raw reads, read alignment against reference genome and assembly/quantification of transcripts or counting/calculation of exons. Image 
modified from (Choy, Boon, Bertin, & Fullwood, 2015) and (Trapnell et al., 2010). 

Cancer 

Many of the macromolecules which interact with HS do so through ionic binding of lysine/arginine 

residues to the HS chains. This allows for binding of cytokines and growth factors, increasing their 

concentration close to the cell surface. HS of different structure will influence growth factor and cytokine 

signaling differently. Hence, altered HS structure could influence carcinogenesis (Knelson, Nee, & Blobe, 

2014). The transforming growth factor-beta (TGF-beta) cytokine superfamily is one family of HS binding 

growth factors which affect proliferation, migration and differentiation of many cell types, affecting tissue 

maintenance and wound healing through morphogenesis and organogenesis, as well as tumor 

differentiation (Rider, 2006). Hedgehog (Hh) is another cytokine which increases pluripotency and 

invasiveness of tumor cells (Knelson et al., 2014). Hepatocyte growth factor (HGF) and heparin-binding 

epidermal growth factor-like factor (HBEGF) both affect the production of transcription factors such as 

jun, fos and myc (Knelson et al., 2014). HS binding to vascular endothelial growth factor (VEGF) 
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promotes angiogenesis and metastasis (Knelson et al., 2014). HS binding to fibroblast growth factors 

(FGFs) influence mitogen-activated protein kinases (MAPK), affecting proliferation and angiogenesis 

(Knelson et al., 2014). 

Adrenocortical carcinoma (ACC) is a rare tumor type with a high mortality rate. Efforts have been 

focused on developing new therapeutic regimens for treatment. Surgery is the most common treatment 

and recent studies are exploring the underlying mechanisms of the ACC tumor growth, focusing on 

multiple proliferative signaling pathways involving  insulin-like growth factor 2 (IGF-II), the tumor 

protein p53 (TP53), the RAS superfamily, protein kinase B (AKT/PKB), Wnt and MAPKs (Kirschner, 

2002).  Studies on ACC are limited due to rare tumor specimens and rely on model systems to be 

investigated further (Kirschner, 2002). Wnt has been proposed to influence ACC development as 

inhibition of Wnt signaling in adrenal cortex is correlated with prevention of malignant tumor 

development (Drelon et al., 2016). HSPGs are important for the generation of morphogenic gradients, 

thereby affecting Wnt signaling (Fuerer, Habib, & Nusse, 2010). 

Breast cancer (BC) is the second leading cause of cancer mortality in women and is the most common 

cancer type among women with 23% of all newly diagnosed cancer cases (Wahba & El-Hadaad, 2015). 

BCs are commonly subject to immunohistochemistry analysis of the presence of estrogen receptor (ER), 

progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) and are classified into 

subtypes; luminal A (ER positive and histological low grade), luminal B (ER positive and histological high 

grade), HER2 overexpressing, basal like (BL1 and BL2), mesenchymal (M), immunomodulatory (IM), 

mesenchymal stem-like (MSL) and normal breast-like tumors (Aysola et al., 2013). In triple-negative 

breast cancer (TNBC), ER, PR as well as HER2 expression are lacking. With no relevant receptor 

presence on their cell surface, TNBC cannot be treated with hormonal or trastuzumab-based therapies. 

TNBC are highly aggressive and prone to metastatic spreading through epithelial to mesenchymal 

transition (EMT) where a rigid epithelial cell transforms into a mesenchymal-like cell with increased 

mobility attributes (Lamouille, Xu, & Derynck, 2014). The only treatment available is surgery combined 

with chemotherapy (Wahba & El-Hadaad, 2015). TGF-beta which interacts with HS is a known 

influencer of EMT (Xu, Lamouille, & Derynck, 2009) indicating that EMT may be signaling through 

HSPG (Rider, 2006).  

Data analysis 

To investigate NDST1 and NDST2 transcript expression in different tissue samples, five different 

published RNA-seq studies were used. Two of the five datasets chosen for this project, sequenced as 

single-reads, were chosen to determine if changes in alternative splicing can be detected in single-read 

data. The first study contains raw read data from Illumina Human Body Map 2.0 Project, where RNA 

from 16 human tissues were paired-end profiled by RNA-seq (Farrell et al., 2014). The second study 

contains 21 single-read RNA-seq data isolated from human fetal organs and maternal endometrium 

during week 9, week 16-18 and week 22 (Roost et al., 2015). The third study contains data from single-
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read RNA-seq of six human whole blood samples from different individuals (Mastrokolias, den Dunnen, 

van Ommen, ’t Hoen, & van Roon-Mom, 2012). The fourth study contains data from 32 paired-end 

RNA-seq tissues from different individuals (Fagerberg et al., 2014). Finally, the fifth study contains 20 

paired-end RNA-seq data from breast cancer patients (Triple-negative, non-triple negative and HER2 

overexpressive) and normal epithelial breast tissue samples (Eswaran et al., 2012). 

In RNA-Seq, the relative expression of a transcript is proportional to the number of cDNA fragments 

that originate from it (Trapnell et al., 2010). Alternative splicing can be detected by measuring the relative 

amount of transcript levels in a sample as number of Reads Per Kilobase of exon per Million reads 

mapped (RPKM) for single-read or Fragments Per Kilobase of exon per Million reads mapped (FPKM) 

for paired-end sequences (Conesa et al., 2016). RPKM/FPKM are calculated as (10^9 * C) / (N * L) 

where C = number of mappable reads/fragments for a transcript, N = total number of mappable 

reads/fragments in the library and L = number of base pairs in the transcript (Conesa et al., 2016). 

RPKM/FPKM measures the read/fragment density that reflects the molar concentration of the 

transcript, then normalized for RNA length and total numbers of reads/fragments. This normalization 

method eliminates feature-length and library-size effects and makes it possible to compare transcript 

levels between samples (Conesa et al., 2016). Alternative splicing can also be detected by measuring 

differential exon usage between samples (Reyes et al., 2013). Using read summarization software (Anders, 

Pyl, & Huber, 2015) counts per exon per gene can be generated from aligned raw files and applied in a 

model for statistical testing, producing a relative usage of exons defined as number of transcripts from the 

gene that contain this exon divided by number of all transcripts from the gene (Anders, Reyes, & Huber, 

2012). 

Aim 

The aim of the study was to investigate the expression of different transcripts of NDST1 and NDST2 in 

a wide variety of tissues using RNA-seq experimental data from five earlier published studies, using two 

common in silico tools: the Tophat-Cufflink pipeline and the HTSeq-DEXSeq pipeline. In addition, HS 

synthesized by the ACC cell line H295R was characterized and expression of NDSTs in the cells and in 

ACC tumor samples was determined. 

 

Materials and methods  

RNA sequencing data 

The RNA-Seq data used in the in silico analysis were downloaded from EMBL-EBI ENA (“European 

Nucleotide Archive < EMBL-EBI,” 2017) with the following id’s; PRJNA144517 paired-end raw read 

files (Farrell et al., 2014), PRJNA276463 single-read raw read files (Roost et al., 2015), PRJNA148285 



10 
 

single-read raw read files (Mastrokolias et al., 2012), PRJEB4337, PRJEB6971 paired-end raw read files 

(Fagerberg et al., 2014) and PRJNA227137 paired-end raw read files (Eswaran et al., 2012).  

Transcript expression and differential exon usage in RNA-sequencing data 

The downloaded raw read files (Fig. 2: Data analysis) were transformed into FastQSanger file format with 

FastQ Groomer (Blankenberg et al., 2010) and the reads were then analyzed with FastQC (Andrews, 

2010). The files were trimmed for at least 50 base fragment length and phred quality threshold 20.0 using 

FastQ Quality Trimmer (Blankenberg et al., 2010). Phred quality score measures the quality in 

identification of bases generated by the sequencing. A quality score of 20 is equal to 99% base call 

accuracy (Ewing & Green, 1998). The processed reads were aligned against human genome 38 (“Human 

genome assembly (GRCh38.89),” 2013) using TopHat2 (Kim et al., 2013) and visually inspected in 

Integrative Genomics Viewer (IGV) (Thorvaldsdóttir, Robinson, & Mesirov, 2013). For transcript 

expression, aligned reads were assembled and quantified as RPKM or FPKM by standard length 

correction using Cufflinks (Trapnell et al., 2010). For differential exon usage, aligned reads were counted 

using HTSeq (Anders, Pyl, & Huber, 2015) and differential exon usage was calculated using DEXSeq 

(Anders, Reyes, & Huber, 2012) package for R (R Development Core Team, 2008). Preparation, 

alignment and transcript expression calculation were performed using the Galaxy platform (Afgan et al., 

2016).  

Adrenocortical carcinoma cell line H295R 

NCI-H295R (Rainey, Bird, & Mason, 1994) cells were cultured at 37°C in 5% CO2 on tissue culture flasks 

(Sarstedt AG & Co, Nümbrecht, Germany) in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-

12 (DMEM:F12) (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) containing 2.5% (v/v) 

Fetal Bovine Serum (FBS) (Thermo Fisher Scientific Inc.), 5ml Corning™ ITS+ Premix Universal 

Culture Supplement (ITS+ Premix) (Thermo Fisher Scientific Inc.) and 1% (v/v) Penicillin-Streptomycin 

(PEST) (Thermo Fisher Scientific Inc.). 

Adrenocortical carcinoma tumor lysate 

ACC tumor lysates had been prepared with CytoBuster™ Protein Extraction Reagent (Thermo Fisher 

Scientific Inc.) containing protease inhibitor (cOmplete, Roche Diagnostics, Basel, Schweiz), Laemmli 

Sample Buffer (Karlsson, Ostwald, Kabjorn, & Andersson, 1994), heated to 95°C and stored at -80°C 

before kindly given to us by Peyman Björklund, Uppsala University. 

Protein extraction from H295R cells 

H295R cells were washed in PBS twice and scraped off the flasks in ice cold PBS using disposable cell 

lifters (Thermo Fisher Scientific Inc.). After centrifugation at 4000 x g at 5 min in room temperature, the 

pelleted cells were stored at -20°C.  

Each cell pellet was lysed in 150µl lysis buffer (50mM Tris-HCl, pH 7.4 and 1% (v/v) Triton X-100 

containing protease inhibitor) for 30 min on ice. The solubilized cells were centrifuged at 13 000 x g for 
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10 min at 4°C. The protein concentration of the supernatant was then measured using Bradford assay 

(Kruger, 1994). Protein concentration was adjusted to 4 µg/µl using Laemmli Sample Buffer containing 

10% (v/v) β-mercaptoethanol followed by boiling at 95°C for 5 min and centrifugation at 13 000 x g for 

1 min. The samples were stored at -20°C before analysis. 

SDS-PAGE and Western blotting 

Protein samples were subjected to SDS-PAGE on Mini-PROTEAN® TGX™ Precast Gels 4-15% w/v 

polyacrylamide (Bio-Rad Laboratories, Inc., Hercules, California, USA) using running buffer (1x Towbin 

transfer buffer (Towbin, Staehelin, & Gordon, 1979), 0.5% Sodium dodecyl sulfate (SDS). Samples 

corresponding to 40 µg protein were loaded into the wells and electrophoresis was performed at 180V for 

50 min.  

Transfer of Mini-PROTEAN TGX Precast Gels containing protein to nitrocellulose blotting membrane 

Amersham™ Hybond ECL 0.45µm (GE Healtcare Life Sciences Ambersham, Chicago, USA) was carried 

out at 100V for 60 min with the wet transfer technique (Bio-Rad Laboratories, Inc.) using transfer buffer 

(1x Towbin transfer buffer, 20% Methanol) and 100V was applied for 60 min. After transfer, the 

membrane was incubated with Ponceau S solution (Stochaj, Berkelman, & Laird, 2006) to ensure transfer 

efficiency and measure total amount of protein applied. The membrane was washed using TBST (50mM 

Tris-HCl, pH 7.6, 150mM, 0.1% Tween 20) before blocking with 5% w/v dry milk overnight. After 

washing with TBST the membrane was incubated with specific primary antibody in 5% w/v dry milk for 

90 min, followed by washing with TBST and incubated with secondary antibody in 5% w/v dry milk for 

60 min. Finally, the membrane was washed thoroughly. 

A CCD camera (Bio-Rad Laboratories, Inc., Hercules, California, USA) was used for visualizing the 

protein bands on the membrane, using Amersham™ ECL™ Western Blotting Detection Reagents (GE 

Healthcare Life Sciences) according to the manufacturer’s protocol. 

Metabolic labelling and isolation of 35S-labelled proteoglycans from H295R cells 

H295R cells were cultured as described above. When the cells were ~85% confluent, fresh medium 

containing 350 µCi (50 µCi/ml) Na235SO4 was added and the cells were incubated for 24 hours. After 

removal of the medium, cells were washed twice with PBS before solubilization. 

The lysate was collected and centrifuged for 5 min at 13 000 x g at 4°C and the supernatant was collected. 

A small column packed with 0.3ml DEAE-Sephacel was washed with 4 ml (10x column volume) DEAE 

wash buffer 1 (50 mM Tris-HCl pH 7.4, 0.2 M NaCl, 0.1% v/v Triton X-100). The supernatant was 

applied to the column followed by washing with 4 ml DEAE wash buffer 1 and then with 4 ml DEAE 

wash buffer 2 (50 mM acetate buffer, pH 4.0, 0.2 M NaCl, 0.1% v/v Triton X-100). The column was 

eluted with 6 x 0.3 ml DEAE elution buffer (50 mM acetate buffer, pH 4.0, 2 M NaCl, 0.1% v/v Triton 

X-100) into 1.5 ml tubes and stored at -20°C. A small aliquot of each fraction was analyzed in a β-counter 

Tri-Carb® 2810TR (PerkinElmer, Waltham, Massachusetts, USA) in scintillation vials containing 1 ml 
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Optiphase HiSafe 3 (PerkinElmer). Eluates containing 35S-labelled macromolecules were pooled and 

stored at -20°C. 

An aliquot of the pooled sample was then chromatographed on a Superose 6 column eluted in fifty 

fractions. Fractions of 0.5 ml were collected and 5 µl of each fraction was analyzed for 35S-radioactivity. 

To release 35S-glycosaminoglycan chains from their core proteins, an aliquot was incubated overnight with 

0.5M NaOH at 4°C. followed by neutralization with the corresponding amount of 0.5M HCl. The sample 

was then desalted on a NAP-10 column (GE Healthcare Life Sciences) eluted in H2O according to the 

manufacturer’s protocol and evaporated in a Savant SpeedVac Centrifugal Evaporator (Thermo Fisher 

Scientific Inc.). The desalted alkali-released 35S-labelled glycosaminoglycan chains were divided into two 

samples which were treated with Chondroitinase ABC and HNO2 at pH 1.5, respectively. Chondroitinase 

ABC treatment of the released glycosaminoglycan chains was performed in a total volume of 100 µl 

0.05M Tris-HCl pH 8.0 containing 0.15M NaAc and 0.5 µg/µl bovine serum albumin and 0.05 units of 

enzyme. The sample was incubated at 37°C for 18 hours. HNO2 treatment was performed as described 

(Vilar et al., 1997) by adding 0.18 ml reagent solution obtained after centrifugation at 16 000 x g for 5 min 

of a mixture of 0.5 ml 0.5M H2SO4 and 0.5 ml 0.5M Ba(NO2)2 to the dried sample. After 10min at room 

temperature, the mixture was neutralized with 20 µl 2M Na2CO3 to reach a pH of 7-8. Both samples were 

then reanalyzed by chromatography on the Superose 6 column as described above. Fraction 13 – 21 of 

the original Superose 6 chromatography containing the 35S-labeled proteoglycan peak was pooled and 

subjected to alkali treatment as described above. After neutralization and desalting the sample was stored 

at -20°C. This sample was also reanalyzed by Superose 6 chromatography before and after treatment with 

Chondroitinase ABC, as described above.  

Disaccharide compositional analysis 

H295R cells were dissolved in 0.5ml protease buffer (50mM Tris-HCl pH 8, 1mM CaCl2, 1% (v/v) Triton 

X-100) containing 0.8mg/ml unspecific protease Protease Type XIV (Sigma-Aldrich, Saint Louis, 

Missouri, USA) and incubated end-over-end for 24 h at 55°C. After heat inactivation of the enzyme for 5 

min at 96°C for 5 min., MgCl2 was added to a final concentration of 2mM. After addition of Benzonase 

(≥25 milliunits) (Merch & Co, Kenilworth, New Jersey, USA) the sample was incubated for 2 h at 37°C 

followed by heat inactivation for 2 min at 96°C. NaCl concentration was adjusted to a final concentration 

of 0.1M, and the sample was centrifuged at 13 000 x g for 10 min. The supernatant was applied to a 0.2 

ml DEAE-Sephacel column (GE Healthcare Biosciences, Little Chalfont, UK) pre-washed with 3 

volumes elution buffer (1.5M NaCl), 3 volumes H2O and equilibrated with 3 volumes washing buffer pH 

8 (50mM Tris-HCl pH 8, 0.1M NaCl). After washing with 6 volumes of washing buffer pH 8, six volumes 

of washing buffer pH 4 (50mM NaAc pH 4, 0.1M NaCl) and five volumes of DEAE washing buffer 

(0.1M NaCl), the glycosaminoglycans were eluted with seven volumes of elution buffer. After desalting 

on a NAP-10 column (GE Healtcare Life Sciences) equilibrated in H2O, the glycosaminoglycans were 

dried by SpeedVac centrifugation and dissolved in 75µl H2O. The glycosaminoglycan pool was then 
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digested with 50 milliunits of Chondroitinase ABC in 100µl 0.2M Tris acetate buffer, pH 8.0. The 

digestion proceeded for 3 h at 37°C and the enzyme was heat inactivated for 2 min at 96°C after the 

incubation. 10 µl of the digest was saved for CS analysis by RPIP-HPLC as described (Ledin et al., 2004), 

while HS was recovered after a second round of DEAE-Sephacel chromatography, as described above. 

Purified HS was dissolved in 100 µl H2O and had 100 µl HS digestion buffer (10mM Hepes pH 7.0, 2mM 

CaCl2) was added before the sample was divided into two equal aliquots. One of the aliquots was treated 

with 0.4 milliunit each of heparitinase I, II, III and incubated for 16 h at 37°C. The other aliquot (control 

sample) was incubated under the same conditions without enzymes. After heat inactivation for 2 min at 

96°C, the samples were analyzed by RPIP-HPLC (Ledin et al., 2004). 

Data processing and statistics 

Processing, statistics and presentation of the analytical results as well as the in silico data were performed 

using Minitab 17.1 (Minitab, Inc. State College, Pa. USA), Excel (Microsoft, Albuquerque, New Mexico, 

USA) and R (R Development Core Team, 2008). Cufflinks estimates transcript abundances using a 

statistical model in which the probability of observing each fragment is a linear function of the 

abundances of the transcripts from which it could have originated (Trapnell et al., 2010). DEXSeq 

estimates differential exon usage (DEU) by a generalized linear model based on a negative binomial (NB) 

distribution, which is a generalized Poisson distribution. This is followed up by Benjamini-Hochberg 

multiple testing correction (Noble, 2009). The Benjamini-Hochberg method establishes that false 

discovery rate (FDR) is controlled at the expressed level, to achieve an adjusted p-value with a 

significance p-value < 0.05 of DEU (Anders et al., 2012). Spearman’s Rank non-parametric correlation 

test was used to investigate correlation between transcript expression in (Farrell et al., 2014) and 

(Fagerberg et al., 2014) by rho ≥-1 or ≤1 and p<0.05. 

Results 

This study aimed to investigate the extent of alternative splicing of NDST1 and NDST2 (Fig. 3). By in 

silico investigation of healthy tissues from four different published studies, we wanted to detect viable 

tissue candidates for further transcriptome studies. In addition, by comparing two single-read 

transcriptome studies with two paired-end transcriptome studies, we have investigated what kind of read 

options that would be viable for future sequencing studies to detect NDST expression.  
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Figure 3: Schematic drawing of NDST transcripts. Filled bars correspond to coding exons and transparent bars correspond to non-coding exons, arrow 
indicates main transcript, modified from (“NDST1 (ENSG00000070614) - Ensembl,” 2017),(“NDST2 (ENSG00000166507) - Ensembl,” 
2017). 

Transcript expression in RNA-sequencing data 

Transcript estimation by Cufflinks analysis detected no presence of alternatively expressed transcripts of 

NDST in the single-read sequenced studies (Roost et al., 2015) and (Mastrokolias et al., 2012). In the 

paired-end read sequenced studies (Farrell et al., 2014) and (Fagerberg et al., 2014) expression of 

alternative transcripts were detected in all tissue samples (Fig. 4 and 5). The studies contain tissue samples 

from several vital organs, allowing for a wide detection of NDST expression in the human body. The 

main transcript NDST1-201 is relatively highly expressed in several tissues except for bone marrow and 

skeletal muscle tissue. There is a moderate consistency between high NDST1-201 transcript expression in 

both studies (rho = 0.481, p = 0.081) (Fig. 4: A and C). The alternatively expressed transcript NDST1-

207 is 100 times less expressed than NDST1-201. NDST1-207 was not detected in prostate and liver 

tissue. There is a very weak to no relationship between expression in both studies (rho = 0.313, p = 

0.275) but the absence of NDST1-207 in several samples of (Farrell et al., 2014) affects the results (Fig. 4: 

B and D). 
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Figure 4: Assembling and estimation for transcripts of NDST1 by Cufflinks analysis (Trapnell et al., 2010) on raw read files from analyzed tissue 
samples. A and B: Tissue sample results from Illumina Bodymap 2.0 project (Farrell et al., 2014). C and D: Tissue sample results from (Fagerberg et 
al., 2014). Transcript expression levels are calculated and normalized as fragments per kilobase of exon per million fragments mapped (FPKM). 

The expression of the main transcript NDST2-202 is relatively even across the samples but is higher in 

testis and bone marrow as well as two times higher in spleen. The expression is lower in heart, liver and 

skeletal muscle tissue. There is no relationship between expression of NDST2-202 in the two studies (rho 

= 0.209, p = 0.474) (Fig. 5A and D). The alternative transcript NDST2-201 is relatively highly expressed 

in adrenal tissue, lungs, lymph nodes and white blood cells. There is a moderate relationship between 

highly expressed NDST2-201 in both studies (rho = 0.486, p = 0.078) (Fig. 5: B and E). Expression of 

the second alternative transcript NDST2-207 can only be detected in adipose tissue, liver, thyroid and 

urinary bladder. There is no relationship between expression of NDST2-207 in the two studies (rho = -

0.254, p = 0.381) possible affected by the absence of detectable expression in several samples (Fig. 5C 

and F). 
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Figure 5: Estimation of NDST transcript abundance using Cufflinks analysis (Trapnell et al., 2010) on raw read files from analyzed tissue samples. 
A, B and C: Tissue sample results from Illumina Bodymap 2.0 project (Farrell et al., 2014). D, E and F: Tissue sample results from (Fagerberg et 
al., 2014). Transcript expression levels are calculated and normalized as fragments per kilobase of exon per million fragments mapped (FPKM). 

As there was no detectable alternative transcript expression in the single-read sequenced studies (Roost et 

al., 2015) and (Mastrokolias et al., 2012), it was not possible to investigate the alternative NDST transcript 

expression in whole blood, fetal and maternal tissue. 

Differential exon usage in RNA-sequencing data 

Differential exon usage (DEU) in different types of Breast cancer (BC) in the (Eswaran et al., 2012) study 

was also investigated. Samples analyzed were collected from triple-negative breast cancer (TNBC), non-

triple-negative breast cancer (Non-TNBC), HER2 overexpressive (HER2+) and normal epithelial breast 

tissue.  

DEU analysis of TNBC was performed with normal epithelial breast tissue as control. Please note that 

exons (Fig. 6) "DEU-exons" have another numbering than the Ensembl exons (Fig. 3) and sometimes 

represent part of Ensembl exons. The results show a significant (p<0.05, purple) increase in exon usage 

in "DEU-exon" number E005-E007, E009-E010, E012 and a significant decrease in exon usage in 

"DEU-exons" number E022-E024, E027-E034. The starting exon 1 of the alternative transcript NDST1-

207 is "DEU-exon" E005 which is statistically increased in TNBC. Ensembl exon 12 is lacking in this 

transcript, represented by E028 in the DEU analysis. Accordingly, it is significantly decreased in TNBC 

(Fig. 6). Non-TNBC and HER2+ did not show any significant exon usage changes in exon 5 or exon 12. 
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Figure 6: Differential exon usage (DEU) analysis of NDST1 in triple-negative breast cancer. TNBC (blue) samples vs normal epithelial breast tissue 
control (red) samples (Eswaran et al., 2012) by DEXSeq package (Anders et al., 2012). Transcripts are labelled with NDST1-201 and NDST1-
207. Statistical significance (p) marked by purple was calculated using Generalized linear model (GLM) with Benjamini-Hochberg multiple testing 
correction, where purple: p<0.05. 

Characterization of 35S-labelled heparan sulfate synthesized by H295R ACC cells 

H295R ACC cells were cultured in the presence of Na235SO4 to metabolically label glycosaminoglycans 

produced during the incubation period. After isolation of the cell-associated 35S-labelled macromolecules 

by DEAE ion exchange chromatography, the DEAE-pool was divided into two portions. One was 

subjected to gel chromatography on Superose 6 without any further treatment to isolate intact 

proteoglycans (Fig. 7A).  Another portion was treated with alkali to release the glycosaminoglycan chains 

from their core proteins prior to gel chromatography (Fig. 7A). Comparing the two runs it is obvious that 

the first peak (6-13 ml) of the untreated DEAE-pool is sensitive to alkali treatment and thus contains 35S-

labelled proteoglycans. This peak was pooled and saved for further characterization. The alkali treated 35S-

labelled released glycosaminoglycan chains were subjected to treatment with either Chondroitinase ABC 

or HNO2 followed by gel chromatography on the same Superose column (Fig. 7B and C). As shown in 

the figure, a majority of the 35S-glycosaminoglycans are degraded by HNO2 (68%) and is hence HS 

(compare profile with alkali-profile). The minor fraction that is sensitive to Chondroitinase ABC 

treatment appears to originate from the first peak of the alkali-treated sample eluting at ≈11 ml.  The 35S-

labeled proteoglycan peak eluting between 6-13 ml (Fig. 7A) was also subjected to alkali treatment 

followed by digestion with Chondroitinase ABC. As shown in Fig. 7D, nearly all the 35S-radioactivity was 

present in HS. Calculating the average molecular weight (Mw) of the HS chains based on its elution 

position and compared with standards of known molecular weight (Pikas et al., 2000)(Deligny et al., 

2016), an apparent of Mw = ~45 kDa (Kav = 0.28) was obtained.  
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Figure 7: Gel chromatography on Superose 6 of 35S-labelled macromolecules from H295R cells before and after alkali treatment (A), or after alkali 
treatment followed by digestion with Chondroitinase (B), or after alkali treatment followed by decomposition with HNO2 (C). 35S-labelled 
glycosaminoglycans obtained from the proteoglycan peak (6-13 ml; see A) after treatment with alkali and alkali treatment followed by Chondroitinase 
ABC, respectively (D). 

Heparan sulfate disaccharide analysis in H295R ACC cells 

Glycosaminoglycans from H295R ACC cell line were analyzed by RPIP-HPLC after digestion with 

Chondroitinase ABC and heparinase I + II +III, respectively. The HS analyzed has a high degree of 

sulfation, with a large relative amount of the trisulfated disaccharide HexA2SGlcNS(6S) ="NS6S2S". 
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Notably, the cells contain three times more CS than HS (Fig. 8C and D).

 

Figure 8: Disaccharide composition of HS and CS purified from the H295R ACC cell line was determined by RPIP-HPLC (Ledin et al., 2004). 
A: HS-sulfation: Percentage of unsulfated disaccharides (0S), N-sulfated disaccharides(NS), 6-O-sulfated disaccharides(6S), and 2-O-sulfated 
disaccharides (2S). Total sulfation is the sum of N-sulfate, 2-O-sulfate, and 6-O-sulfate groups in 100 disaccharides. B: HS disaccharide composition: 
NAc, HexAGlcNAc; NS, HexAGlcNS; 6S, HexAGlcNAc(6S), 2S, HexA(2S)GlcNAc; NS6S, HexAGlcNS(6S); NS2S, 
HexA(2S)GlcNS; 2S6S, HexA(2S)GlcNAc(6S); NS6S2S, HexA(2S)GlcNS(6S)  C: absolute amounts of HS disaccharides recovered, 
calculated per mg dry weight. D: Absolute amounts of CS disaccharides recovered. Three technical replicates were analyzed. 

Western blotting of ACC samples 

As NDSTs are enzymes they are not expressed at high levels. This was apparent when Western blotting 

was used to detect protein levels of NDST2 in ACC tumor samples. 40 µg of ACC tumor protein lysate 

was loaded in the wells followed by electrophoresis and blotting and incubation with an antibody 

recognizing the cytoplasmic tail of NDST2 (Fig. 9A). The result demonstrates that the ACC tumor 

samples do not contain enough native NDST2 to be detected. Expression of NDST2 in the H295R ACC 

cell line was also tested. As with the tumor samples, no NDST2 could be detected (Fig. 9B). 

 

Figure 9: Expression of NDST2 analyzed by SDS-PAGE and Western blotting. A: 40 µg ACC tumor protein lysate loaded. B: 40 µg H295R 
ACC cell line protein lysate loaded. HEK293 cells overexpressing NDST2 served as a positive control; the arrows point to the position of the 101kDa 
NDST2 band. NDST2 was detected with an antibody recognizing the cytoplasmic tail of the enzyme. 
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Discussion 

The aim of the study was to investigate NDST1 and NDST2 transcript expression in various tissues and 

to detect alternative transcription of these proteins. This was done by in silico analysis using five published 

studies on human tissues. In recent years, NGS has made fast and sensitive analysis of the sequence of 

whole genomes possible, allowing for breakthroughs in the studies of genetic variations in human disease 

and medicine (Rabbani, Nakaoka, Akhondzadeh, Tekin, & Mahdieh, 2016). Analysis of the transcriptome 

allows for detection of expressed genes and their transcripts (Wolf, 2013), while NGS technologies allow 

for the mapping of multiple genes and their transcripts simultaneously. This results in excessive amounts 

of information about the genome and its transcriptome (Behjati & Tarpey, 2013).  

We used five previously published RNA-sequencing studies to investigate NDST1 and NDST2 transcript 

expression in various tissues. Using Cufflinks analysis (Trapnell et al., 2010) we detected expression of 

alternative transcripts of NDST1 and NDST2 in all paired-end sequenced samples. However, the single-

read samples could only detect the abundancy of main transcripts, demonstrating the need for paired-end 

sequencing. A Spearman’s Rank nonparametric correlation test was used to investigate correlation 

between transcript expression in the paired-end samples; weak relationships were detected but no 

significant correlation was found in relative transcript levels between the studies. The reason may be due 

to variation in read depth, length and coverage in the different studies resulting in inconsistency in the 

amount of replicated reads (Conesa et al., 2016), (Chow, Ghazali, Hoh, & Mohd-Zainuddin, 2014), but 

may also be caused by potential variations in sample preparation between the studies (Maekawa, Suzuki, 

Sugano, & Suzuki, 2014). In the differential exon usage analysis, we focused on a published RNA-seq 

study on TNBC to detect differential expression of exon usage (DEU). DEU is a computational model 

for the detection of alternative usage of exons (Anders et al., 2012). Significant DEU was detected in 

TBNC samples which corresponds to increased expression of the alternative NDST1-207 transcript. This 

was not the case for non-TNBC and HER2+ overexpressing breast cancer samples, tentatively indicating 

that NDST1-207 could serve as a marker for TNBC.   

Characterization of HS in the ACC cell line after metabolic labelling with Na2SO4 demonstrated that 

roughly 65% of the newly synthesized proteoglycans are made up of HS with an average chain length of 

45 kDa (Pikas et al., 2000),(Deligny et al., 2016). Disaccharide analysis of glycosaminoglycans from ACC 

cells revealed that the HS had an unusually high sulfate content. In addition, it was found that the cells 

contain a lot more CS than HS, opposite to what was found when metabolic 35S-labeling of the cells was 

done. This may mean that the cells store a lot of CS, but that the synthesis of HS is a more rapid process.  

NDSTs belong to the family of enzymes which often show low expression and therefore are difficult to 

detect. This was obvious both for transcript and protein expression. To detect NDST alternative 

transcript expression, paired-end sequencing should be used with replicates of samples or conditions 

combined with a high sequencing coverage with read length of at least 50 bases but preferably 100 bases 
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(Chhangawala et al., 2015) to allow for reliable detection of the low abundance NDST transcripts (Conesa 

et al., 2016).  

The results of transcript expression from (Fagerberg et al., 2014) could be used as a guideline for further 

tissue expression analyzes. The study used both high coverage paired-end reads with 100 base read length 

and multiple sample replicates for its RNA sequencing, making it a reliable source for comparison with 

future tissue specific NDST expression experiments. When planning for an experimental setup for RNA-

sequencing of NDSTs, a work flow containing sample preparation methods (Maekawa et al., 2014), read 

depth coverage (Chow et al., 2014), tools for downstream analysis (Conesa et al., 2016), normalization 

methods (P. Li, Piao, Shon, & Ryu, 2015) should all be considered to minimize the possible expression 

variation in tissue samples. Cufflinks (Trapnell et al., 2010), iReckon (Mezlini et al., 2013), SLIDE (J. J. Li, 

Jiang, Brown, Huang, & Bickel, 2011) and StringTie (Pertea et al., 2015), DESeq2 (Love, Huber, & 

Anders, 2014) are a few of the tools available for transcript abundance detection in RNA-sequencing data. 

In the present study we show that transcripts of NDSTs can be detected in healthy- and cancer tissues 

through abundance analysis of RNA-sequencing data. In addition, we performed a base characterization 

of the ACC cell line, laying the ground for future studies of the role of HS and its biosynthesis enzymes in 

adrenocortical cancer. 
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