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Breast cancer remains a leading cause of cancer-related mortality in women. In recent years,
regulation of genes involved in heparan sulphate (HS) biosynthesis have received increased
interest as regulators of breast cancer cell adhesion and invasion. The exostosin (EXT) pro-
teins are glycosyltransferases involved in elongation of HS, a regulator of intracellular signal-
ing, cell–cell interactions, and tissue morphogenesis. The EXT family contains five members:
EXT1, EXT2, and three EXT-like (EXTL) members: EXTL1, EXTL2, and EXTL3. While the ex-
pression levels of these enzymes change in tumor cells, little is known how this changes the
structure and function of HS. In the present study, we investigated gene expression profiles
of the EXT family members, their glycosyltransferase activities and HS structure in the es-
trogen receptor (ER), and progesterone receptor (PR) positive MCF7 cells, and the ER, PR,
and human epidermal growth factor receptor-2 (HER2) negative MDA-MB-231 and HCC38
epithelial breast carcinoma cell lines. The gene expression profiles for MDA-MB-231 and
HCC38 cells were very similar. In both cell lines EXTL2 was found to be up-regulated whereas
EXT2 was down-regulated. Interestingly, despite having similar expression of HS elonga-
tion enzymes the two cell lines synthesized HS chains of significantly different lengths.
Furthermore, both MDA-MB-231 and HCC38 exhibited markedly decreased levels of HS
6-O-sulphated disaccharides. Although the gene expression profiles of the elongation en-
zymes did not correlate with the length of HS chains, our results indicated specific differ-
ences in EXT enzyme levels and HS fine structure characteristic of the carcinogenic prop-
erties of the breast carcinoma cells.

Introduction
Heparan sulphate (HS) proteoglycans (PGs) (HSPGs) are composed of HS polysaccharide chains attached
to a core protein. HSPGs are ubiquitously present on the cell surface and in extracellular matrix (ECM) and
act as co-receptors for many signaling molecules, such as growth factors and cytokines. The diverse and
fundamental roles of HSPGs in development and homeostasis are reflected by the occurrence of HSPGs
throughout the evolutionary system, from Cnidaria onward [1,2]. Furthermore, complete lack of HS re-
sults in early embryonic lethality in mouse models [3-5]. In addition, there are clearly strong relationships
between HS and cancer. Protein interactions during cancer progression depend on the structural proper-
ties of HS, both on tumor cells and in the tumor stroma. Cancer cells alter their cell surface HS profile, by
differential expression of particular PG protein cores, and/or by altering the fine structure of HS chains
on a given PG [6-8]. Increased, as well as decreased, mRNA levels of HS biosynthesis enzymes have been
reported in, for example colorectal cancer [9,10], breast and prostate cancer [10-12], and glioma [13].
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The exostosin (EXT) enzymes take part in HS biosynthesis where they have a key role in generating the HS polysac-
charide backbone, composed of [glucuronic acid-N-acetylglucosamine]n [14]. The human EXT family consists of five
members: EXT1, EXT2, and three EXT-like proteins (EXTL1, EXTL2, and EXTL3) [14]. EXT1, EXT2, and EXTL3
are necessary for HS chain formation [15,16] and complete loss of HS chains caused by deletion of Ext1, Ext2, or
Extl3 in mouse models is incompatible with life [3-5]. The functions of EXTL1- and EXTL2-proteins in HS biosyn-
thesis are unclear. Extl2-deficient mice are fertile and have HS chains [17]. No Extl1-deficient mouse strain has been
reported so far. Mutations in either EXT1 or EXT2 cause the human disorder hereditary multiple osteochondroma
(MO), an autosomal dominant disorder characterized by bone deformities and cartilage-capped bony outgrowths,
osteochondromas, at the ends of the long bones [18]. The most serious complication is malignant degeneration to
chondrosarcomas, which occurs in 2–5% of the MO patients. Epigenetic inactivation of EXT1 by promoter hyper-
methylation is commonly found in leukemia and non-melanoma skin cancer cells [19] and of EXTL3 in mucinous
colorectal cancers [20]. These findings suggest that alterations in these genes are involved in the disorders, since
re-introduction of EXT1 and EXTL3, respectively, into cancer cells induced a tumor-suppressive effect. In contrast,
high expression of EXT1 in patients with multiple myeloma is associated with a poor prognosis [21].

Increased EXT1 mRNA expression has been found in estrogen receptor (ER)-negative breast tumors [22], whereas
gene expression profiling of human breast tumor samples indicates that diminished expression of EXT1 in early-stage
ER positive lymph-node negative breast cancer patients might predict an increased risk for metastasis [23]. Further-
more, overexpression of EXT1 in a non-tumorigenic epithelial cell line transformed these cells to a more malignant
phenotype, whereas siRNA mediated down-regulation of EXT1 in and ER-positive breast cancer cell line reduced
cancer stem cell features and sensitized the cells to the chemotherapy drug, doxorubicin [24]. There is very little in-
formation on the role of the other EXTs in breast cancer. EXT2 mutations have been identified in breast carcinoma
patients [25] but if the mutations influence HS structure and function, is not known. Although alterations in the ex-
pression levels of the EXTs clearly affect cancer cell progression, nothing is known how these changes affect HS chain
elongation, and fine structure that ultimately determines the biological effect of the enzymatic activity of the EXTs.

Functionally important processes during development and homeostasis depend on the fine structure of HS chains
that provide binding sites for proteins. Although HS synthesis is not a template-driven process, the fine structure of
HS chains appears to be strictly regulated in tissues [26,27], cells [28], during development [29], ageing [30], and in
certain pathological conditions ([31] and references therein). During the past years, the mRNA levels of HS biosyn-
thesis enzymes (including members of the EXT family) have been determined in different tumors, and the authors
have ascribed these changes to be reflected in HS structure and function [10,13]. However, the biosynthesis of HS is
regulated through mechanisms that remain poorly understood and from RNA data alone, it is difficult to evaluate
HSPG structure and function. Unlike DNA, RNA, and protein synthesis, the formation of HS chains is not tem-
plate driven. Instead, it depends on the organization and substrate specificity of the HS biosynthetic enzymes (25
different enzymes), the availability of precursor molecules (UDP-sugars and sulphate donor) and the rate of flow
through the Golgi apparatus [32,33]. In this study, we investigated the correlation between mRNA expression of EXT
family members and the HS structure in breast carcinoma cell lines. We demonstrated significant changes in gene
expression profiles, HS structure and enzyme activity in the epithelial breast carcinoma cells as compared with the
non-tumorigenic MCF10A epithelial cells.

Experimental
Cell culture
All reagents used in the experiments were of laboratory grade quality. The human cell lines; MCF10A, a
non-tumorigenic human mammary gland epithelial cell line; MCF7 mammary gland epithelial, luminal adenocar-
cinoma, ER, and progesterone receptor (PR) positive; MDA-MB-231 mammary gland epithelial basal adenocarci-
noma, triple-negative for ER, PR, and human epidermal growth factor receptor-2 (HER2); and HCC38 mammary
gland epithelial, ductal carcinoma, triple-negative for ER, PR, and HER2 receptors were obtained from ATCC or
kindly provided by Professor Susan Fisher, University of California San Francisco. The features of the cell lines used
are based on characterization in [34] and are listed in Table 1. MDA-MB231 and MCF7 were cultured in Dulbecco’s
modified Eagle medium (DMEM), HCC38 in Roswell Park Memorial Institute (RPMI) medium (both from Gibco
Life Technologies), supplemented with 10% FBS (Gibco Life Technologies) and a combination of 1% penicillin and
streptomycin (PEST, Sigma). MCF10 was cultured in DMEM-F12 medium supplemented with cholera toxin (100
ng/ml), hydroxycortisone (0.5 μg/ml), epidermal growth factor (EGF, 20 ng/ml), insulin (10 μg/ml), 1% PEST, and
5% horse serum (all from Sigma). All cell lines were cultured at 37◦C in 5% CO2.
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Table 1 Cell lines characteristics

Cell line1 Tumor subtype ER2 PR3
HER2
overexpression4 Tumor type

MCF10A Basal No No No Non-tumorigenic

MCF7 Luminal Yes Yes No Adenocarcinoma

MDA-MB-231 Basal No No No Adenocarcinoma

HCC38 Basal No No No Ductal carcinoma

The triple-negative cell lines are defined as invasive breast cancers lacking ER and PR expression and HER2 overexpression or HER2 gene amplification.
1Table assembled with data from [34].
2ER positive.
3PR positive.
4HER2 overexpression or gene amplification.

Quantitative real-time PCR
Total RNA was extracted from the cells using the RNeasy mini prep kit (Qiagen). The cDNA was generated by reverse
transcription using aliquots of 1μg of total RNA with random primers (iScript cDNA Synthesis Kit, Bio-Rad) accord-
ing to the manufacturer’s instructions. Quantitation of the mRNA expression profiles was done using iQ SYBR Green
Supermix (Bio-Rad) in a Light-Cycler 480 (Roche Applied Sciences). Data were normalized to reference genes, hy-
poxanthine guanine phosphoribosyl transferase (HPRT) and RNA polymerase II subunit F (POLR2F). The primers
used (Supplementary Table S1) were chosen using Primer Bank [35] or Primer BLAST – NCBI. Each primer/cDNA
set was performed in triplicate and the expression level of the EXT mRNA was normalized to that of the reference
gene mRNA level. The relative expression levels were calculated using the 2−��C

T method [36].

Western blotting analysis
Protein samples from the various cell extracts were separated on an SDS/PAGE (10% gel) and electrotransferred to a
nitrocellulose membrane (Amersham Biosciences). The membrane was blocked with 5% low-fat milk in TBS-Tween
buffer for 1 h, followed by incubation with a rabbit polyclonal anti-heparanase (anti-HPSE) antibody (1:1000,
#APP60766, Aviva System Biology). After washing in 0.5% TBS-Tween, the membrane was incubated with anti-rabbit
horseradish peroxidase conjugated (HRP) antibody (GE Healthcare), diluted 1:5000 and developed using ECL reagent
(Pierce), and imaged with a ChemiDoc XRS imaging system (Bio-Rad). After stripping, the blot was stained with a
mouse monoclonal antibody to β-actin (1:5000, #A544, Sigma–Aldrich). Precision plus protein control (Bio-Rad)
was used as molecular weight marker.

Glycosyltransferase assay
Crude cellular protein preparations were incubated with 0.125 μCi of 3H-labeled UDP-GlcNAc (62.5 μCi/μmol;
prepared by mixing radiolabeled and unlabeled UDP-sugars) and 45 μg of [GlcA-GlcNAc]n oligosaccharide acceptor
at 37◦C overnight. Oligosaccharide acceptors were generated from K5 polysaccharide, as described [37]. Labeled
products were isolated by gel chromatography and quantitated by scintillation counting.

Flow cytometry
Cells were harvested using enzyme-free dissociation buffer (Gibco/Invitrogen Corporation) and washed twice in cold
PBS. An aliquot of the cells was resuspended in 1 ml of PBS containing 3% FBS, and kept on ice throughout the en-
tire procedure. The cells were incubated with the primary monoclonal anti-HS antibody10E4 (1:50) (from Seikagaku
Corp.) for 30 min. After washing three times with PBS, the cells were incubated with the secondary antibody, allophy-
cocyanin (APC) conjugated goat anti-mouse IgG (1:75) (Jackson Immunoresearch Laboratories, Inc.). Cells incubated
with the secondary antibodies alone served as negative controls. Fluorescence was measured using an Accuri-6 flow
cytometer (BD Biosciences) and analyzed with the FlowJo software (TreeStar, Inc.).

Metabolic labeling, isolation, and analysis of HS structure
Subconfluent cell cultures were cultured with 200 μCi/ml Na2

35SO4 (PerkinElmer) for 24 h. After 24 h, the culture
medium was removed and frozen. Free glycosaminoglycan chains were isolated from the trypsin fraction (derived
from cell surface/matrix proteoglycans) or from solubilized cell fractions as described [38]). Galactosaminoglycans
were digested with chondroitinase ABC (Seikagaku) in 50 mM Tris/HCl pH 8.0, 30 mM Na-acetate, and 0.1 mg/ml
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BSA, and HS chain length was analyzed by gel chromatography on a Superose 6 HR10/30 column (Amersham Bio-
sciences) eluted with 0.5 M NH4HCO3. Calibration of the Superose 6 column and peak elution volumes were as in
[37,38] and are indicated in the chromatogram.

For disaccharide analyses, labeled HS chains were depolymerized to disaccharides by treatment with nitrous acid at
pH 1.5 (which cleaves the glucosaminidic linkage at GlcNS units) yielding disaccharides from contiguous N-sulphated
domains followed by reduction with NaBH4. Disaccharides were isolated by gel chromatography on a column (1 cm
× 180 cm) of Sephadex G-15 superfine in 0.2 M NH4HCO3, and desalted by lyophilization. Labeled disaccharides
were analyzed by anion-exchange HPLC using a Whatman Partisil 10-SAX column eluted with aqueous KH2PO4 of
stepwise increasing concentrations at a rate of 1 ml/min. Mono-O-sulphated disaccharides were eluted with 0.026
M and di-O-sulphated disaccharides with 0.15 M KH2PO4. Peak elution volumes were assessed by calibration of the
SAX-column using defined 3H-labeled standard disaccharides [39].

Statistical analysis
Statistical significance was determined using the Student’s t test with unpaired samples. P<0.05 was considered sta-
tistically significant. Graphs and statistical analysis were done with GraphPad Prism v.6 (GraphPad Software, Inc., La
Jolla, CA).

Results
Previous experiments in our group have demonstrated that very low levels of EXT1 or EXT2 result in very short HS
chains [37,39]. The reduction in HS chain length in turn greatly affects growth factor signaling in fibroblasts [40],
tumor cell proliferation, and gene expression in a 3D hetero-spheroid model composed of fibroblasts and tumor cells
[41,42]. Several publications have described global changes in mRNA levels of HS biosynthetic enzymes in different
tumors and cancer cell lines. The present work was undertaken to define the role of mRNA expression levels of the
EXT family members on HS structure in cancer cells by analyzing one non-tumorigenic mammary gland epithelial
and three breast carcinoma cell lines (Table 1).

Expression levels
We initially examined the mRNA expression of EXT1, EXT2, EXTL1, EXTL2, and EXTL3 in MCF10A, MCF7,
MDA-MB-231, and HCC38 cell lines using (qRT-PCR). The results revealed that the expression of EXT1 was signif-
icantly decreased in MCF7 cells compared with the non-tumorigenic MCF10A cells, while no significant difference
was observed between the two triple-negative cell lines, MDA-MB-231 and HCC38, and the ER- and PR-positive
MCF10A cells. The expression of EXT2 and EXTL3 was reduced in all cancer cell lines whereas EXTL2 was
down-regulated in MCF7 cells but highly up-regulated in MDA-MB-231, and HCC38. EXTL1 was not detected in
any of the cell lines (with threshold cycle (Ct) vaIues ranging from 37 to 40 or blank results). Interestingly, the gene
expression profiles of the two triple-negative cell lines MDA-MB-231 and HCC38 where very similar and different
from the expression profile of the hormone-responsive MCF7 cell line (Figure 1).

Next we aimed to corroborate our findings from qRT-PCR analyses by determining protein levels of the EXT family
members by Western blotting. We used several different antibodies, some of which were chosen from papers showing
Western blots detecting the EXT family of protein. In our hands none of the antibodies recognized endogenous EXT/L
proteins isolated from MCF10A cells or the tumor cell lines. Some of the tested antibodies showed unspecific binding
and some recognized the overexpressed EXT family member (Supplementary Figure S1).

HS surface expression
To study the relative amounts of cell surface HS expressed by the different cell types we used flow cytometry to
quantitate the binding of the 10E4 antibody that is commonly used to trace HSPG. The 10E4 antibody recognizes
HS domains containing both N-acetylated and N-sulphated disaccharide units [43,44]. The 10E4 antibody showed a
markedly reduced binding to MCF7 cells relative to the other three cell lines (Figure 2), thus, indicating that MCF7
has less HS or a different pattern compared with the other cell lines.

To further study cell surface HS, the different breast carcinoma cells and the non-tumorigenic MCF-10A cell
lines were metabolically labeled with 35S-sulphate. Labeled glycosaminoglycans were separately isolated from the
cell surface/ECM, and the cell layer and quantitated. No major differences were noted in the yields of 35S-labeled
glycosaminoglycans (calculated as cpm/mg cellular protein) between MCF10A, MCF7, MDA-MB-231, and HCC38.
The relative proportions of labeled glycosaminoglycans (chondroitin sulphate (CS) compared with HS) revealed that
the two triple-negative cell lines, MDA-MB-231 and HCC38, had the highest relative proportion of HS (Table 2).
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Figure 1. Expression levels of EXT gene family members

Relative mRNA levels were determined by real-time PCR and normalized to (A) HPRT and (B) POLR2F. mRNA levels of MCF7,

MDA-MB-231, and HCC38 were expressed relative to the non-tumorigenic MCF10A expression that was set to 1. The error bars in

(A) represent the mean +− S.D. from three independent analyses performed in duplicate or triplicate. The error bars in (B) represent

average values from two independent analyses performed in duplicate. EXTL1 was not detected in any of the analyzed cell lines:

***P<0.001; ****P<0.0001.

Figure 2. Cell surface expression of HS

(A) Representative flow cytometry fluorescence histograms of 10E4 antibody binding to MCF10A, MCF7, MDA-MB-231, and HCC38

cells (unfilled black curves). Controls represent cells treated with the secondary antibody only (gray profiles). (B) Quantitated median

fluorescence intensity values are shown as average +− S.D. of two separate analyses. Abbreviation: APC-A, allophycocyanin-A.
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Table 2 Glycosaminoglycan synthesis and disaccharide composition of labeled HS isolated from MCF10A, MCF7,
MDA-MB-231, and HCC38 cells

Cell type 35S-labeled glycosaminoglycans
HS1 % CS2 %

MCF10A 58 +− 1 42 +− 1

MCF7 56 +− 10 44 +− 10

MDA-MB-231 63 +− 10 37 +− 10

HCC38 69 +− 5 31 +− 10

Labeled glycosaminoglycans were extracted from the cell surface and quantitated. The percentage values of HS and CS are given as means from three
independent 35S-labeling experiments +− mean deviation.
1Material resistant to chondroitinase ABC.
2Material susceptible to chondroitinase ABC.

Figure 3. Molecular analysis of HS chains

(A) 35S-labeled glycosaminoglycans were purified from the surface/ECM of MCF10A, MCF7, MDA-MB-231, and HCC38 cells as

described in ‘Experimental’ section. The resulting labeled polysaccharides were digested with chondroitinase ABC and subjected

to chromatography on a Superose 6 column. The retarded components eluted at approximately 21–23 ml, correspond to materials

that were degraded by chondroitinase ABC. The elution positions of molecular weight standards are indicated by arrows, as in

[37,38]. (B) Western blot analysis of HPSE protein expression in cell lysates of the different cell lines as indicated. The image

shows one representative result out of two independent experiments. (C) Quantitation of the active HPSE 50-kDa band. Expression

was normalized to β-actin and the expression in breast cancer cell lines was expressed relative to the non-tumorigenic MCF10A

expression that was set to 1. Values are mean +− S.D. of two separate experiments.

Thus, our data might suggest that the malignant status of the tumor cells may correlate with a shift from CS to HS
synthesis.

The molecular size of cell surface associated HS chains was analyzed by gel chromatography on a Superose
6 column. The elution profiles indicated large differences in HS chain lengths between the different cell lines.
MDA-MB-231 produced significantly longer chains and MCF7 much shorter chains than the other cell lines (Figure
3A). Comparing the elution profiles of the labeled HS with the elution positions of size-defined heparin standard
polysaccharides and previous calibrations of Superose 6 columns [37], allowed us to estimate the overall size of
the HS chains. The peak elution positions of the rather broad peaks correspond to approximately 40–100 kDa for
MDA-MB-231, 30–50 kDa for MCF10A, 20–40 kDa for HCC38, and 10–30 kDa MCF7. The very low levels of EXT1
in MCF7 essentially correlated well to the observed shorter chains synthesized by these cells [37,39]. Notably however,
although the two triple-negative breast carcinoma cell lines, MDA-MB-231 and HCC38, exhibited almost identical
EXT/L mRNA profiles their HS chains were of very different lengths, indicating that other factors than the mRNA lev-
els of the EXT family members determine the chain length. Our results furthermore indicated that the reason MCF7
cells have less binding epitopes for the 10E4 antibody might be due to shorter HS chains and thus fewer binding
epitopes for the antibody.

HPSE is an endo-β-glucuronidase that cleaves HS side chains of HSPGs [45,46] thereby releasing HS saccharides
of different sizes and thus causes truncation of cell surface HS chains. In order to evaluate if the observed differences
in HS length could be attributed to HPSE action, we investigated the protein expression of HPSE in MCF10A, MCF7,
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Figure 4. Glycosyltransferase activity

Single sugar transfer activities to GlcNAc of crude cell extracts were determined by incubating 10–40 μg lysate protein with 0.125

μCi of UDP-[3H]GlcNAc and 45 μg of [GlcA-GlcNAc]n oligosaccharide acceptors. Labeled oligosaccharide products were isolated

by gel chromatography and quantitated by scintillation counting. The error bars represent the mean +− S.D. from three independent

experiments, each experiment performed at two different protein concentrations: *P<0.05; **P<0.01.

MDA-MB-231, and HCC38 cells (Figure 3B,C). In particular, MDA-MB-231 cells displayed high levels of the active
50 kDa isoform. The other two tumor cells lines showed intermediate protein expression relative to MDA-MB-231
and MCF10A cells. These findings indicated that the observed differences in chain length were generated during HS
synthesis and were not due to HS degradation by endogenously produced HPSE .

Glycosyltransferase activities
Lysates of transfected cells were analyzed for GlcNAc-transferase activities with 3H-labeled UDP-GlcNAc and a
[GlcA-GlcNAc]n acceptor as described [37]. The assay essentially measures the activity of the elongation EXT1/EXT2
heterocomplex. The analysis using crude cell lysates clearly demonstrated a large variation in transferase activities
between the cell lines. The enzyme activities of HCC38 were approximately two-fold higher than the corresponding
values for MCF10 cells. Unexpectedly, the enzyme activities of MDA-MB-231 were approximately two-fold lower
than the corresponding values for MCF10 cells (Figure 4). In view of these findings and the results from HS chain
elongation, it is important to note, however, that the activities reflect activity per milligram of cellular protein. There-
fore, the observed differences in activities probably originate from dilution of the EXT proteins in relation to total
cellular protein content. Thus, MCF7 cells appeared to contain relatively more EXT1/EXT2 complexes in relation to
total cellular protein content.

Structural characterization of HS
Metabolically labeled HS chains isolated from cell lysate of MCF10A, MCF7, MDA-MB-231, and HCC38 cells were
treated with nitrous acid at pH 1.5 (deamination of N-sulphated regions) followed by reduction of the products with
NaBH4. The reaction mixture was passed through a column of Sephadex G15, and isolated labeled disaccharides
were identified by HPLC. The major difference in the relative proportions of sulphated disaccharides was observed
in HS isolated from MCF7 cells. MCF7 cells showed a much lower proportion of 2-O sulphated disaccharides and the
highest relative proportion of 6-O sulphated disaccharides. These differences were mainly due to a higher proportion
of mono-6-O-sulphated disaccharides (Table 3).

Extracellularly regulated kinase 1/2 phosphorylation
To determine if the expression levels of the EXTs had a biological effect, we analyzed the activation of the
mitogen-activated protein (MAP) kinases, extracellularly regulated kinase (ERK) 1 (ERK1) and ERK2. MCF10A,
MCF7, MDA-MB-231, and HCC38 cells were serum starved for 20 h and then analyzed for ERK1/2 phosphorylation
by Western blotting. As shown in Figure 5, both MDA-MB-231 and HCC38 displayed high levels of phosphorylated

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

7



Bioscience Reports (2018) 38 BSR20180770
https://doi.org/10.1042/BSR20180770

Table 3 Disaccharide composition of 35S-sulphate labeled HS from MCF10A, MCF7, MDA-MB-231, and HCC38 cells

Deamination products 35S-labeled deamination products % of total O-sulphated disaccharides
MCF10A MCF7 MDA-MB-231 HCC38

GlcA-aManR6S1 9 25.0 2.0 4.0

IdoA-aManR6S 12 15.5 10.5 7.5

IdoA2S-aManR 39 30.5 45.0 43.0

IdoA2S-aManR6S 40 29.0 42.5 45.5

Total%

2-O-sulphated disaccharides 79 59.5 87.5 88.5

6-O-sulphated disaccharides 61 69.5 55.0 57.0

35S-Sulphate labeled samples were degraded to disaccharides (deamination at pH 1.5 followed by reduction of products with NaBH4) that were analyzed
by anion-exchange HPLC (see ‘Experimental’ section). Except for MCF10A, the values represent averages of two independent experiments (which varied
by ≤3%).
1aManR, the 2,5-anhydromannitol deamination product of GlcNS residues.

Figure 5. Mitogen-activated protein kinase (MAPK) activity

MCF10A, MCF7, MDA-MB-231, and HCC38 cells were serum-starved for 20 h and then cells were lysed. Proteins were separated

by SDS/PAGE followed by transfer to nitrocellulose membranes and immunoblotting with an antibody to the phosphorylated forms

of ERK1/2 (pERK). After stripping off the nitrocellulose membranes, they were immunoblotted with the non-phosphorylated forms

of ERK1/2 (tERK). Shown is one representative result. The histogram shows the quantitation of the ratio of pERK to tERK. The error

bars represent the mean +− S.D. from four independent experiments: *P<0.05; ****P<0.0001. Abbreviation: ns, not significantly

different.

forms of ERK as compared with MCF10A and MCF7 cells. MCF7 cells showed reduced levels of phosphorylation
although not significantly different from that of MCF10A cells that displayed a variable degree of p-ERK1/2. These
results implied that sustained activation of ERK1/2 appeared to correspond to the malignancy of the breast carcinoma
cells.

Discussion
Although HS biosynthetic enzymes have been reported to be differently regulated in cancer cells, little is known about
how these changes in gene expression affect HS structure. In this report, we determined the gene expression levels of
the different members of EXT family in the non-tumorigenic MCF10A, the ER-positive MCF7, and the ER, PR, and
HER2-triple negative MDA-MB-231 and HCC38 cell lines. In addition, we characterized their HS chains and EXT/L
glycosyltransferase activities. The obtained results revealed large variations between the cell lines but also provided
evidence that transcriptional activity analyses of HS elongation enzymes are not predictive for HS structure.
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The two triple-negative breast carcinoma cell lines exhibited a similar pattern of EXT gene expression with sig-
nificantly increased expression of EXTL2 and reduced expression of EXTL3 (Figure 1). This could be a reflection
of shared characteristics in the carcinogenic properties of the two cell lines. We were intrigued by the fact that this
similarity was not reflected in HS chain length (Figure 3A). Interestingly, the non-tumorigenic MCF10A cells, that
like the two triple-negative cell lines have a basal like background, exhibited an HS chain length that was intermediate
to that of the MDA-MB-231 and HCC38 cells. The differences in HS chain length appeared to be the result of HS
biosynthesis rather than degradation by the HPSE (Figure 3A). One hypothetical explanation to the observed differ-
ences in chain length between the MDA-MB-231 and HCC38 cell lines could be differences in the levels and/or types
of core proteins. Alternatively, other HS enzymes participating in the biosynthesis machinery of HS may directly or
indirectly influence the HS chain elongation.

We have previously shown that a strong reduction in EXT1 or EXT2 mRNA levels causes reduced HS chain length,
and that increased levels of EXT2, EXTL2, or EXTL3 have little effect on HS chain elongation [38,39]. In agreement
with our previous results, MCF7 cells that displayed very low levels of EXT1, synthesized short HS chains. The effect
of decreased levels of EXTL3 on HS-chain elongation appears to be cell-type dependent. Reduced levels of EXTL3 in
HEK293 cells results in fewer and longer HS chains [39], whereas knockdown of EXTL3 in mouse fibroblasts leads to
decreased amount of HS, and shorter HS chains [47]. Importantly, the biosynthetic elongation of HS chains appears
not only to be dependent on the EXT family of enzymes but also on other enzymes involved in HS biosynthesis
and maybe also on unknown modulators of enzyme activity. The HS chain elongation seems to in part be regulated
by relatively undefined effects/actions of HS modification enzymes. It has been shown that the cellular levels of the
HS modifying enzymes N-deacetylase/N-sulphotransferases (NDSTs) and the HS C5-epimerase influence HS chain
elongation. Increased HS chain length has been observed after overexpression of NDST1 or NDST2 [48,49] or HS
C5-epimerase [50] in HEK293 cells. In particular, NDST2 has been reported to influence the polymerization of the HS
chain [48]. In addition, embryonic stem cells lacking both NDST1 and NDST2, and thus are devoid of N-sulphation,
display increased HS chain length without affecting the total amount of HS synthesized by the cells [51]. EXTL3 has
been proposed to bind NDST1 and to control its N-sulphotransferase activity [47]. If this association also regulates HS
chain length was not investigated. Taken together, the different studies indicate a more complex regulation of chain
elongation than merely the activities of the EXT proteins. So far, the significance of HS chain length for carcinogenesis
is unclear.

Several investigators have used gene expression profiling approaches of HS enzymes to predict HS structure and
to propose tumor biomarkers. Recently, EXT1 was found to be elevated in plasma of human cholangiocarcinoma
patients and proposed to be the prognostic marker for cholangiocarcinoma [52]. Genetic loss of NDST4 in colorectal
cancer [53] and high HS 3-O-sulphotransferase 3A expression in HER2-positive breast cancer patients [11] were
shown to be associated with poor prognosis. Other studies have investigated how changes in HS biosynthetic enzyme
expression levels influence growth factor responses in breast cancer. In a recent publication by Viola et al. [33], they
showed that silencing of EXT1 in MDA-MB-293 cells had surprisingly little effect on cell proliferation, migration,
and response to hepatocyte growth factor. In agreement with our results (Figure 5), strong ERK1/2 activation has been
demonstrated in serum-starved MDA-MB-231 cells [54]. Our data might suggest that the constitutive activation of
ERK1/2 might be correlated to the malignancy of the cells.

Concluding, our data indicated that the malignant status of the breast epithelial cells influenced the mRNA levels
of the EXT family, HS sulphation pattern, and the consecutive MAP-kinase activation. The significance of HS chain
length in breast carcinoma carcinogenesis remains unclear but HS structure is known to be tissue specific. Impor-
tantly, although EXT expression levels correlated with the malignancy of the breast carcinoma cells, the expression
levels were not predicative of HS chain length. Therefore, in future studies, structural studies of HS should be con-
sidered when considering the impact of transcriptional activity of HS biosynthesis enzymes in cancer.

Funding
This work was supported by the University of Bergen and the Norwegian Cancer Society [grant number 3292722-2012].

Author contribution
M.K.-G. designed the experiments. L.F.S., K.K., and M.G. performed the experiments. M.K.-G. prepared the figures. M.K.-G. and
L.F.S. wrote the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9



Bioscience Reports (2018) 38 BSR20180770
https://doi.org/10.1042/BSR20180770

Abbreviations
CS, chondroitin sulphate; DMEM, Dulbecco’s modified Eagle medium; ECM, extracellular matrix; ER, estrogen receptor; EXT,
exostosin; EXTL, EXT-like; Erk, extracellularly regulated kinase; HER2, human epidermal growth factor receptor-2; HPSE, hep-
aranase; HS, heparan sulphate; HSPG, HS proteoglycan; MAP, mitogen-activated protein; MO, multiple osteochondroma;
NDST, N-deacetylase/N-sulphotransferase; PEST, 1% penicillin and streptomycin; PR, progesterone receptor; qRT-PCR, quan-
titative real-time PCR.

References
1 Medeiros, G.F., Mendes, A., Castro, R.A., Bau, E.C., Nader, H.B. and Dietrich, C.P. (2000) Distribution of sulfated glycosaminoglycans in the animal

kingdom: widespread occurrence of heparin-like compounds in invertebrates. Biochim. Biophys. Acta 1475, 287–294,
https://doi.org/10.1016/S0304-4165(00)00079-9

2 Feta, A., Do, A.T., Rentzsch, F., Technau, U. and Kusche-Gullberg, M. (2009) Molecular analysis of heparan sulfate biosynthetic enzyme machinery and
characterization of heparan sulfate structure in Nematostella vectensis. Biochem. J. 419, 585–593, https://doi.org/10.1042/BJ20082081

3 Lin, X., Wei, G., Shi, Z., Dryer, L., Esko, J.D., Wells, D.E. et al. (2000) Disruption of gastrulation and heparan sulfate biosynthesis in EXT1-deficient mice.
Dev. Biol. 224, 299–311, https://doi.org/10.1006/dbio.2000.9798

4 Stickens, D., Zak, B.M., Rougier, N., Esko, J.D. and Werb, Z. (2005) Mice deficient in Ext2 lack heparan sulfate and develop exostoses. Development
132, 5055–5068, https://doi.org/10.1242/dev.02088

5 Takahashi, I., Noguchi, N., Nata, K., Yamada, S., Kaneiwa, T., Mizumoto, S. et al. (2009) Important role of heparan sulfate in postnatal islet growth and
insulin secretion. Biochem. Biophys. Res. Commun. 383, 113–118, https://doi.org/10.1016/j.bbrc.2009.03.140

6 Hull, E.E., Montgomery, M.R. and Leyva, K.J. (2017) Epigenetic regulation of the biosynthesis & enzymatic modification of heparan sulfate
proteoglycans: implications for tumorigenesis and cancer biomarkers. Int. J. Mol. Sci. 18, https://doi.org/10.3390/ijms18071361

7 Blackhall, F.H., Merry, C.L., Lyon, M., Jayson, G.C., Folkman, J., Javaherian, K. et al. (2003) Binding of endostatin to endothelial heparan sulphate
shows a differential requirement for specific sulphates. Biochem. J. 375, 131–139, https://doi.org/10.1042/bj20030730

8 Theocharis, A.D., Skandalis, S.S., Neill, T., Multhaupt, H.A., Hubo, M., Frey, H. et al. (2015) Insights into the key roles of proteoglycans in breast cancer
biology and translational medicine. Biochim. Biophys. Acta 1855, 276–300

9 Fernandez-Vega, I., Garcia-Suarez, O., Garcia, B., Crespo, A., Astudillo, A. and Quiros, L.M. (2015) Heparan sulfate proteoglycans undergo differential
expression alterations in right sided colorectal cancer, depending on their metastatic character. BMC Cancer 15, 742,
https://doi.org/10.1186/s12885-015-1724-9

10 Suhovskih, A.V., Domanitskaya, N.V., Tsidulko, A.Y., Prudnikova, T.Y., Kashuba, V.I. and Grigorieva, E.V. (2015) Tissue-specificity of heparan sulfate
biosynthetic machinery in cancer. Cell Adh. Migr. 9, 452–459, https://doi.org/10.1080/19336918.2015.1049801

11 Mao, X., Gauche, C., Coughtrie, M.W., Bui, C., Gulberti, S., Merhi-Soussi, F. et al. (2016) The heparan sulfate sulfotransferase 3-OST3A (HS3ST3A) is a
novel tumor regulator and a prognostic marker in breast cancer. Oncogene 35, 5043–5055, https://doi.org/10.1038/onc.2016.44

12 Fernandez-Vega, I., Garcia, O., Crespo, A., Castanon, S., Menendez, P., Astudillo, A. et al. (2013) Specific genes involved in synthesis and editing of
heparan sulfate proteoglycans show altered expression patterns in breast cancer. BMC Cancer 13, 24, https://doi.org/10.1186/1471-2407-13-24

13 Ushakov, V.S., Tsidulko, A.Y., de La Bourdonnaye, G., Kazanskaya, G.M., Volkov, A.M., Kiselev, R.S. et al. (2017) Heparan sulfate biosynthetic system is
inhibited in human glioma due to EXT1/2 and HS6ST1/2 down-regulation. Int. J. Mol. Sci. 18, https://doi.org/10.3390/ijms18112301

14 Busse-Wicher, M., Wicher, K.B. and Kusche-Gullberg, M. (2014) The exostosin family: proteins with many functions. Matrix Biol. 35, 25–33,
https://doi.org/10.1016/j.matbio.2013.10.001

15 Busse, M. and Kusche-Gullberg, M. (2003) In vitro polymerization of heparan sulfate backbone by the EXT proteins. J. Biol. Chem. 278, 41333–41337,
https://doi.org/10.1074/jbc.M308314200

16 Senay, C., Lind, T., Muguruma, K., Tone, Y., Kitagawa, H., Sugahara, K. et al. (2000) The EXT1/EXT2 tumor suppressors: catalytic activities and role in
heparan sulfate biosynthesis. EMBO Rep. 1, 282–286, https://doi.org/10.1093/embo-reports/kvd045

17 Nadanaka, S., Kagiyama, S. and Kitagawa, H. (2013) Roles of EXTL2, a member of EXT family of tumor suppressors, in liver injury and regeneration
processes. Biochem. J. 454, 133–145, https://doi.org/10.1042/BJ20130323

18 Jennes, I., Pedrini, E., Zuntini, M., Mordenti, M., Balkassmi, S., Asteggiano, C.G. et al. (2009) Multiple osteochondromas: mutation update and
description of the multiple osteochondromas mutation database (MOdb). Hum. Mutat. 30, 1620–1627, https://doi.org/10.1002/humu.21123

19 Ropero, S., Setien, F., Espada, J., Fraga, M.F., Herranz, M., Asp, J. et al. (2004) Epigenetic loss of the familial tumor-suppressor gene exostosin-1
(EXT1) disrupts heparan sulfate synthesis in cancer cells. Hum. Mol. Genet. 13, 2753–2765, https://doi.org/10.1093/hmg/ddh298

20 Karibe, T., Fukui, H., Sekikawa, A., Shiratori, K. and Fujimori, T. (2008) EXTL3 promoter methylation down-regulates EXTL3 and heparan sulphate
expression in mucinous colorectal cancers. J. Pathol. 216, 32–42, https://doi.org/10.1002/path.2377

21 Bret, C., Hose, D., Reme, T., Sprynski, A.C., Mahtouk, K., Schved, J.F. et al. (2009) Expression of genes encoding for proteins involved in heparan
sulphate and chondroitin sulphate chain synthesis and modification in normal and malignant plasma cells. Br. J. Haematol. 145, 350–368,
https://doi.org/10.1111/j.1365-2141.2009.07633.x

22 Julien, S., Ivetic, A., Grigoriadis, A., QiZe, D., Burford, B., Sproviero, D. et al. (2011) Selectin ligand sialyl-Lewis x antigen drives metastasis of
hormone-dependent breast cancers. Cancer Res. 71, 7683–7693, https://doi.org/10.1158/0008-5472.CAN-11-1139

23 Taghavi, A., Akbari, M.E., Hashemi-Bahremani, M., Nafissi, N., Khalilnezhad, A., Poorhosseini, S.M. et al. (2016) Gene expression profiling of the
8q22-24 position in human breast cancer: TSPYL5, MTDH, ATAD2 and CCNE2 genes are implicated in oncogenesis, while WISP1 and EXT1 genes may
predict a risk of metastasis. Oncol. Lett. 12, 3845–3855, https://doi.org/10.3892/ol.2016.5218

10 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/S0304-4165(00)00079-9
https://doi.org/10.1042/BJ20082081
https://doi.org/10.1006/dbio.2000.9798
https://doi.org/10.1242/dev.02088
https://doi.org/10.1016/j.bbrc.2009.03.140
https://doi.org/10.3390/ijms18071361
https://doi.org/10.1042/bj20030730
https://doi.org/10.1186/s12885-015-1724-9
https://doi.org/10.1080/19336918.2015.1049801
https://doi.org/10.1038/onc.2016.44
https://doi.org/10.1186/1471-2407-13-24
https://doi.org/10.3390/ijms18112301
https://doi.org/10.1016/j.matbio.2013.10.001
https://doi.org/10.1074/jbc.M308314200
https://doi.org/10.1093/embo-reports/kvd045
https://doi.org/10.1042/BJ20130323
https://doi.org/10.1002/humu.21123
https://doi.org/10.1093/hmg/ddh298
https://doi.org/10.1002/path.2377
https://doi.org/10.1111/j.1365-2141.2009.07633.x
https://doi.org/10.1158/0008-5472.CAN-11-1139
https://doi.org/10.3892/ol.2016.5218


Bioscience Reports (2018) 38 BSR20180770
https://doi.org/10.1042/BSR20180770

24 Manandhar, S., Kim, C.G., Lee, S.H., Kang, S.H., Basnet, N. and Lee, Y.M. (2017) Exostosin 1 regulates cancer cell stemness in doxorubicin-resistant
breast cancer cells. Oncotarget 8, 70521–70537, https://doi.org/10.18632/oncotarget.19737

25 Yoneda, A., Lendorf, M.E., Couchman, J.R. and Multhaupt, H.A. (2012) Breast and ovarian cancers: a survey and possible roles for the cell surface
heparan sulfate proteoglycans. J. Histochem. Cytochem. 60, 9–21, https://doi.org/10.1369/0022155411428469

26 Ledin, J., Staatz, W., Li, J.P., Gotte, M., Selleck, S., Kjellen, L. et al. (2004) Heparan sulfate structure in mice with genetically modified heparan sulfate
production. J. Biol. Chem. 279, 42732–42741, https://doi.org/10.1074/jbc.M405382200

27 Warda, M., Toida, T., Zhang, F., Sun, P., Munoz, E., Xie, J. et al. (2006) Isolation and characterization of heparan sulfate from various murine tissues.
Glycoconj. J. 23, 555–563, https://doi.org/10.1007/s10719-006-7668-1

28 Kato, M., Wang, H. and Bernfield, M. (1994) Cell surface Syndecan-1 on distinct cell types differs in fine structure and ligand binding of its heparan
sulfate chains. J. Biol. Chem. 269, 18881–18890

29 Bulow, H.E. and Hobert, O. (2006) The molecular diversity of glycosaminoglycans shapes animal development. Annu. Rev. Cell Dev. Biol. 22, 375–407,
https://doi.org/10.1146/annurev.cellbio.22.010605.093433

30 Feyzi, E., Saldeen, T., Larsson, E., Lindahl, U. and Salmivirta, M. (1998) Age-dependent modulation of heparan sulfate structure and function. J. Biol.
Chem. 273, 13395–13398, https://doi.org/10.1074/jbc.273.22.13395

31 Li, J.P. and Kusche-Gullberg, M. (2016) Heparan sulfate: biosynthesis, structure, and function. Int. Rev. Cell Mol. Biol. 325, 215–273,
https://doi.org/10.1016/bs.ircmb.2016.02.009

32 Prydz, K. (2015) Determinants of glycosaminoglycan (GAG) structure. Biomolecules 5, 2003–2022, https://doi.org/10.3390/biom5032003
33 Viola, M., Bruggemann, K., Karousou, E., Caon, I., Carava, E., Vigetti, D. et al. (2017) MDA-MB-231 breast cancer cell viability, motility and matrix

adhesion are regulated by a complex interplay of heparan sulfate, chondroitin-/dermatan sulfate and hyaluronan biosynthesis. Glycoconj. J. 34,
411–420, https://doi.org/10.1007/s10719-016-9735-6

34 Neve, R.M., Chin, K., Fridlyand, J., Yeh, J., Baehner, F.L., Fevr, T. et al. (2006) A collection of breast cancer cell lines for the study of functionally distinct
cancer subtypes. Cancer Cell 10, 515–527, https://doi.org/10.1016/j.ccr.2006.10.008

35 Wang, X. and Seed, B. (2003) A PCR primer bank for quantitative gene expression analysis. Nucleic Acids Res. 31, e154,
https://doi.org/10.1093/nar/gng154

36 Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method.
Methods 25, 402–408, https://doi.org/10.1006/meth.2001.1262

37 Yamada, S., Busse, M., Ueno, M., Kelly, O.G., Skarnes, W.C., Sugahara, K. et al. (2004) Embryonic fibroblasts with a gene trap mutation in Ext1 produce
short heparan sulfate chains. J. Biol. Chem. 279, 32134–32141, https://doi.org/10.1074/jbc.M312624200

38 Katta, K., Imran, T., Busse-Wicher, M., Gronning, M., Czajkowski, S. and Kusche-Gullberg, M. (2015) Reduced expression of EXTL2, a member of the
exostosin (EXT) family of glycosyltransferases, in human embryonic kidney 293 cells results in longer heparan sulfate chains. J. Biol. Chem. 290,
13168–13177, https://doi.org/10.1074/jbc.M114.631754

39 Busse, M., Feta, A., Presto, J., Wilen, M., Gronning, M., Kjellen, L. et al. (2007) Contribution of EXT1, EXT2, and EXTL3 to heparan sulfate chain
elongation. J. Biol. Chem. 282, 32802–32810, https://doi.org/10.1074/jbc.M703560200

40 Osterholm, C., Barczyk, M.M., Busse, M., Gronning, M., Reed, R.K. and Kusche-Gullberg, M. (2009) Mutation in the heparan sulfate biosynthesis
enzyme EXT1 influences growth factor signaling and fibroblast interactions with the extracellular matrix. J. Biol. Chem. 284, 34935–34943,
https://doi.org/10.1074/jbc.M109.005264

41 Katta, K., Sembajwe, L.F. and Kusche-Gullberg, M. (2018) Potential role for Ext1-dependent heparan sulfate in regulating P311 gene expression in A549
carcinoma cells. Biochim. Biophys. Acta 1862, 1472–1481, https://doi.org/10.1016/j.bbagen.2018.03.024

42 Osterholm, C., Lu, N., Liden, A., Karlsen, T.V., Gullberg, D., Reed, R.K. et al. (2012) Fibroblast EXT1-levels influence tumor cell proliferation and
migration in composite spheroids. PLoS ONE 7, e41334, https://doi.org/10.1371/journal.pone.0041334

43 David, G., Bai, X.M., Van der Schueren, B., Cassiman, J.J. and Van den Berghe, H. (1992) Developmental changes in heparan sulfate expression: in situ
detection with mAbs. J. Cell Biol. 119, 961–975, https://doi.org/10.1083/jcb.119.4.961

44 van den Born, J., Salmivirta, K., Henttinen, T., Ostman, N., Ishimaru, T., Miyaura, S. et al. (2005) Novel heparan sulfate structures revealed by
monoclonal antibodies. J. Biol. Chem. 280, 20516–20523, https://doi.org/10.1074/jbc.M502065200

45 Mao, Y., Huang, Y., Buczek-Thomas, J.A., Ethen, C.M., Nugent, M.A., Wu, Z.L. et al. (2014) A liquid chromatography-mass spectrometry-based
approach to characterize the substrate specificity of mammalian heparanase. J. Biol. Chem. 289, 34141–34151,
https://doi.org/10.1074/jbc.M114.589630

46 Pikas, D.S., Li, J.P., Vlodavsky, I. and Lindahl, U. (1998) Substrate specificity of heparanases from human hepatoma and platelets. J. Biol. Chem. 273,
18770–18777, https://doi.org/10.1074/jbc.273.30.18770

47 Nadanaka, S., Purunomo, E., Takeda, N., Tamura, J. and Kitagawa, H. (2014) Heparan sulfate containing unsubstituted glucosamine residues:
biosynthesis and heparanase-inhibitory activity. J. Biol. Chem. 289, 15231–15243, https://doi.org/10.1074/jbc.M113.545343

48 Deligny, A., Dierker, T., Dagalv, A., Lundequist, A., Eriksson, I., Nairn, A.V. et al. (2016) NDST2 (N-Deacetylase/N-Sulfotransferase-2) enzyme regulates
heparan sulfate chain length. J. Biol. Chem. 291, 18600–18607, https://doi.org/10.1074/jbc.M116.744433

49 Pikas, D.S., Eriksson, I. and Kjellen, L. (2000) Overexpression of different isoforms of glucosaminyl N-deacetylase/N-sulfotransferase results in distinct
heparan sulfate N-sulfation patterns. Biochemistry 39, 4552–4558, https://doi.org/10.1021/bi992524l

50 Fang, J., Song, T., Lindahl, U. and Li, J.P. (2016) Enzyme overexpression - an exercise toward understanding regulation of heparan sulfate biosynthesis.
Sci. Rep. 6, 31242, https://doi.org/10.1038/srep31242

51 Holmborn, K., Ledin, J., Smeds, E., Eriksson, I., Kusche-Gullberg, M. and Kjellen, L. (2004) Heparan sulfate synthesized by mouse embryonic stem cells
deficient in NDST1 and NDST2 is 6-O-sulfated but contains no N-sulfate groups. J. Biol. Chem. 279, 42355–42358,
https://doi.org/10.1074/jbc.C400373200

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11

https://doi.org/10.18632/oncotarget.19737
https://doi.org/10.1369/0022155411428469
https://doi.org/10.1074/jbc.M405382200
https://doi.org/10.1007/s10719-006-7668-1
https://doi.org/10.1146/annurev.cellbio.22.010605.093433
https://doi.org/10.1074/jbc.273.22.13395
https://doi.org/10.1016/bs.ircmb.2016.02.009
https://doi.org/10.3390/biom5032003
https://doi.org/10.1007/s10719-016-9735-6
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1093/nar/gng154
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1074/jbc.M312624200
https://doi.org/10.1074/jbc.M114.631754
https://doi.org/10.1074/jbc.M703560200
https://doi.org/10.1074/jbc.M109.005264
https://doi.org/10.1016/j.bbagen.2018.03.024
https://doi.org/10.1371/journal.pone.0041334
https://doi.org/10.1083/jcb.119.4.961
https://doi.org/10.1074/jbc.M502065200
https://doi.org/10.1074/jbc.M114.589630
https://doi.org/10.1074/jbc.273.30.18770
https://doi.org/10.1074/jbc.M113.545343
https://doi.org/10.1074/jbc.M116.744433
https://doi.org/10.1021/bi992524l
https://doi.org/10.1038/srep31242
https://doi.org/10.1074/jbc.C400373200


Bioscience Reports (2018) 38 BSR20180770
https://doi.org/10.1042/BSR20180770

52 Khoontawad, J., Hongsrichan, N., Chamgramol, Y., Pinlaor, P., Wongkham, C., Yongvanit, P. et al. (2014) Increase of exostosin 1 in plasma as a potential
biomarker for opisthorchiasis-associated cholangiocarcinoma. Tumour Biol. 35, 1029–1039, https://doi.org/10.1007/s13277-013-1137-9

53 Tzeng, S.T., Tsai, M.H., Chen, C.L., Lee, J.X., Jao, T.M., Yu, S.L. et al. (2013) NDST4 is a novel candidate tumor suppressor gene at chromosome 4q26
and its genetic loss predicts adverse prognosis in colorectal cancer. PLoS ONE 8, e67040, https://doi.org/10.1371/journal.pone.0067040

54 Hoshino, R., Chatani, Y., Yamori, T., Tsuruo, T., Oka, H., Yoshida, O. et al. (1999) Constitutive activation of the 41-/43-kDa mitogen-activated protein
kinase signaling pathway in human tumors. Oncogene 18, 813–822, https://doi.org/10.1038/sj.onc.1202367

12 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

https://doi.org/10.1007/s13277-013-1137-9
https://doi.org/10.1371/journal.pone.0067040
https://doi.org/10.1038/sj.onc.1202367

