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Abstract

Enchondromatosis is a rare skeletal disorder characterized by multiple enchondromas which may in some
occasions progress towards central chondrosarcoma. Ina some what related syndrome, multiple osteochondromas
(peripheral tumors), mutations were found in EXTT (exostosin 1) and EXT2 (exostosin 1), involved in HS (heparan
sulfate) biosynthesis facilitating normal growth plate signaling. Apart from EXTT and EXTZ2 other genes are also
important in HS biesynthesis and one of them is MOSTT (N-deacetylase/N-sulfotransferase), Interactions between
EXT1 and EXT2 as well as NDST1 and EXT2 are reported in the literature. To explore possible parallels with multiple
osteochondromas we studied EXT1, HS and NDST1 in enchondramatosis. We performed immunohistochemisiry
for EXT1, HS and NDST1 using a large series (n=65) of tumors related to enchondromatosis syndrome.
Enchondromas and chondrosarcomas normally expressed EXT1 protein and HS irmespective of whether they
occurred solitary or in the context of enchondromatosis, suggesting normal synthesis of heparan sulfate
proteaglycans in these lumors. The level of NDSTT protein expression was almost identical 1o that in normal
articular cartilage and growth plate. In total 98% of enchondromatosis related, 69% of solitary central and 67% of
peripheral lumaors showed NDSTT protein exprassion, NDST1 mutation analysis was performed and we found silent
mutations (F185F and N343N) in two different exons of NDST1 in two unrelated tumors. An unknown variant (G o A)
was found in exon 7 of 5/18 cases. The frequency of this variant found in cases (5/36) was not significantly different
from the contrals (10/164). Therefore, this unknown variant (G to A) can be a rare SHP unrelated with lumarigenesis,
Overall, our results suggest normal function of EXT1, NDST1 and H5 with absence of MOSTT mutations in central
cartilaginous tumars. Thus, no role of MDSTT associated with enchondroma formation both within the context of
enchondromatosis as well as in solitary cartilaginous tumors was identified.
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Introduction

Enchondromas can present as a solitary lesion or as multiple lesions within the context of the enchondromatosis
syndrome (1). Enchondromas are benign cartilaginous neoplasms in the medulla of bone. The enchondromatosis
syndrome includes several different subtypes (1;2). Ollier disease (enchondromatosis subtype 1) is a rare, non-
hereditary disorder in which patients have multiple enchondromas often with a unilateral predominance. The
conditions in which multiple enchondromas are associaled with hemangiomas of the soft tissue and
osteochondromalike lesions are called Maffucci syndrome (enchondromatosis subtype 2) and
metachondromatasis (type 3), respectively (1-4). Secondary central chondrosarcomas (CS) can develop from a
preexisting enchondroma. The elucidation of the genetic deficit underlying these rare enchondromatosis subtypes
has been hampered by their rarity. Genetic screens showed four different heterozygous parathyroid hormone-related
peptide receptor (PTHTA) point mutations in a subgroup of Ollier patients (8%) (5-7) and PTPNT7 mutations are
reported for metachondromatosis syndrome (8;9). Osteochondroma is a benign oulgrowth of bone with a cartilage
cap at the surface of the bone (10). Similar to enchondromas, osteochondromas can occur as solitary or multiple
lesions within the context of the hereditary syndrome known as multiple osteochondromas (MO)(previously called
hereditary multiple exostoses (HME)) (11). MO is an autosomal dominant syndrome caused by mutations in EXTT
and EXT2 (12:13). The EXT proteins are glycosyliransferases responsible for the elongation of heparan suliate (HS)
chains (14;15).

Central (CS) and peripheral chandrosarcomas (PCS) are similar at the histological level despite their different
origin. Schrage et al. previously investigated involvemnent of EXT related pathways in central chondrosarcomas (16)
and demonstrated that mutations in EXTT or EXT2 were absent and that the level of gene expression was comparable
1o the growth plates. Presto et al. proposed GAGosome model in which in cells over-expressing NDST1 and EXT2,
NOST1 competes with EXT1 to bind to EXT2 and will form hetero-duplex (17). Binding of more NDST1 to EXT2
might alter formation and localization of HS.

We here further explore the parallels between ceniral and peripheral chondrosarcoma and analyzed three different
major components (NDST1, EXT1 and amount of HS) in a large series of enchondromatosis related tumoars as well
as solitary central lumors. NDST1 is involved in chain elongation step of HS synthesis. Based on the absence of
mutations, normal expression of EXT5 in central tumors and the GAGosome maodel, we hypothesized that NOSTT
might be a candidate gene for central cartilaginous lumors.
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Materials and Methods
Patient Material

Five lissue microarrays (TMAs) containing 86 paraffin embedded tumors of which 65 are Ollier related and 21 solitary
central tumors (18) and whale sections from 32 salitary central cartilaginous tumors (8 ECs, B CSI, 8 CSll and 8 CSIIl)
were included to study protein expression of EXT1, HS and NDST1, For mutation analysis, fresh frozen tumor tissues (n =
15, Table 1) were used. Detailed clinical information about the samples is described earlier (18). Samples were collected
from EuroBoNet (www.eurobonet.eu) as well as contributors via EMS0S (European Musculo-Skeletal Oncology Society
(hitp-//www.emsos.org/)) networks. All chondrosarcomas were graded according fo Evans et al (19) and coded
according to the ethical guidelings “Code for Proper Secondary Use of Human Tissue in The Netherlands” (Dutch
Federation of Medical Scientific Societies).

Immunohistochemistry

Five TMAs (18) were assessed for expression of the EXT1 protein and of HS, Immunohistachemistry using EXT1 antibody
(Aviva System Biology, San Diego, CA, USA, 1:400 dilution, EDTA antigen retrieval) was performed as described (20),
Heparan sulfate was assessed using the 10E4 antibody (US Biological, Marblehead, MA, USA, 1:400 dilution) and
slaining was performed as described (21). Placenta and skin were used as positive controls for EXT1 and 10E4,
respectively.

We used primary NDST1 antibody (ab55296, Abcam Inc., dilution 1:800, EDTA antigen retrieval) to stain 5 TMAs and 32
whole section slides, lleun was used as a positive control and primary antibody was omitted as a negative control. The
specificity of NDST1 antibody for nuclear staining was checked using a tissue microarray confaining 79 soft tissue tumors
of 28 difterent entities, as described previously (22) and 24 peripheral cartilaginous tumors (5 0Cs, 8 PCSI, 7 PCSIiand 2
PCSIN). Three cartilage and three growih plales were used as normal controls. Immunohistochemistry procedures were
performed as described previously (18).

Data Analysis

TMA slides were scanned using a high resolution Mirax Desk scanner (30 Histech, Hungary) and scored using the Mirax
viewer TMA module software version 1.1.12 (3D Histech, Hungary) while the whaole sections were scored manually,
Percentage of positive tumor cells in case of EXT1 and 10E4 staining was estimated by two observers (CEA and TCP) (20).
Most of the cares contained internal positive controls (vessel walls) and therefore cases without positive staining of vessel
walls were excluded from further statistical analysis since prolonged decalcification may have destroyed the antigen. We
look the average of percentage of positive cells from three cores of the same tumor present on TMA. In brief lor NDSTH
protein, the intensity (0=no staining, 1 =weak, 2=moderate, 3=slrong) and percentage of positive tumor cells (0=0%,
1=1-24%, 2=25-49%, 3="50-74%, 4=75-100%) were assessed. A sum score 24 was considered positive for scoring
of cytoplasmic staining and nuclear staining was scored as present or absent by three independent observers (JYMGE,
TCP and ¥S). Statistical analysis was done using Oneway ANOVA to see the difference in protein expression between the
tumor grades of each group (Ollier disease, solitary central tumors and peripheral lumors) was performed in SPSS
(version 16.0, Chicago, lllinois, USA). Spearman's rank correlation coefficient was calculated to verify statistical
dependence between Iwo variables (EXT1 and HS expression) in SPSS.
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Table 1 Clinical information of the cases used for of NDST1 mutation
Screening

L1684 Mattucci syndrome EC F k) Phalan = G=G6
L2102 Malfucci syndrome Csll M 29 Famur . G=00
L2195 Maltucei syndroma csi M 43 Knes Phe185Phe (Ex2) G=G5
L1480 0 (ilier disease EC F 12 Phalanx - G>GA
L1977 (Qilier disease G5l M 41 Tibia : GGG
L2280 (llier dizease C51 F 24 Acramion G=G6
L2686 (Oilier disease C5i F 23 Femur 3 GGG
L172 (Ollier disease Cs M 40 Srapula & G=G6
L157 Cﬁﬂ::'g::ﬁif;;‘;; C51 M HE Humerus Asndd3hsn (Ex3)  G=G6
L178 cinl:llrlllr?rrgﬁ?gn:i; Csli M 57 Tibia GGG
L1B2 (Il ,;?,IE.IILEEESUZ?L C51 F 3 Rib G=GG
L185 ri”ﬂ::';gﬂi“:ﬂﬁ; cSil | F | 47 Femur 6>66
L19 {l) Sk csh | F | 48 Femur G>GA
1247 byl cst | F | & Tibia G>GA
o | e [ | 6w | m
B0O7E N Melachandromatosis® blood M 4 G=G6
L1345 N Metachondromatosis bload M fi - G=GG6

* samgle with PTPNT 1 mutation,
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DNA isolation

The percentage of tumor cells was estimated using frozen sections and only blocks containing = 70% of tumor cells
were used for DNA isolation. DNA from fresh frozen tumor lissue was isolated using @ Wizard genomic DNA
purification kit (Promega Benelux, Leiden, The Netherlands), according lo the manufacturer'sinstructions (Table 1),
DNA concentration was measured by NanoDrop specirophotometer (Isogen, The Netherlands) and in total 10ng of
DA was used for sequencing.

Mutation screening

DMA isolated from 15 tumors (Table 1) and blood DNA of two metachondromatosis patients was included. Primer
sequences for exons 1b,2b, 3,5, 6,7, 8,9,10, 12,13, 14 of NOSTT were used as described earlier (23) while the
remaining primers to cover the full NDSTT gene were designed using Primer3 program. Primer sequences used in
this study are noted in table 2. Sanger Sequencing was performed as described by van Eijk etal (24). In short, M13
tails were added to enhance PCR and facilitate Sanger sequencing. Approximately 10 ng of PCR product was
sequenced with M13 farward (TGTAAAACGACGGCCAGT) and/or reverse (CAGGAAACAGCTATGACC) primer onan
ABI 3700 DNA Analyzer using BigDye Terminator Chemistry (Applied Biosystems, Carlshad, CA) at the Leiden
Genome Technology Center (www.lgic.nl). Reverse sequencing was performed fo confirm mutations and
polymorphisms. Sequences were analyzed with Mutation Surveyor DNA variant analysis software) version 3.0.24
(Softgenetics. State college, PA).

To validate the allelic distribution of GA instead of GG allele present in NDST7 exon 7 of 5 cases, high resolution
melting curve analysis (HRM) was performed using a light scanner {Idaho Technology, Salt Lake City, UT) as
described earlier (24). To check the frequency of GA allele in all the cases (n=18), HRM analysis was performed
using blood DNA fram normal healthy controls (n=82).

Results
EXT1 protein expression

Around 50% of tumors related to Ollier disease showed EXT1 expression and in case of solitary tumaors, expression
was more variable (Table 3). There was no significant difference between ditferent grades of Ollier (Oneway ANOVA,
p=0.9) related and solitary tumors (Oneway ANOVA, p=0.08). Average percentage of positive cells from three
cores of the same tumor is plotted for each grade in figure 1.

Evaluation of heparan sulfate (HS)

Percentages of positive tumors expressing HS in cytoplasm are given in table 3, figure 1. There was no correlation
wilh histological grade in patients with Qllier disease (Oneway ANOVA, p=0.6) nor in solitary tumors (Oneway
ANOVA, p=0.08). There is no correlation with histological grade. One Ollier CSIl showed HS expression in the
matrix, membrane and in the cytoplasm. One Ollier enchondroma and solitary CSHI showed membranous and
cytoplasmic expression of heparan sulfate,
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Table 2 Primer sequences used

for NDST1 mutation analysis

Primer position

NOST1 ExiA F
NDSTI ExiA R
NDST! Ex1B F
NDST!_Ex1B_R
NDSTT Ex2A F
NDST! Ex2A R
NDSTT _Ex28 F
NDSTI ExZB R
NDSTI Ex3 F
NOSTI Ex3 R
NOSTT Exd F
NDST? Exd R
NOSTT _Ex5 F
NDST! Ex5 R
NDST! Exfi

NOST! B R

Tm: melting temperature. M13F and M138 sequence wete added tn ke primers

Sequence {5'- 3)

CCGGTGECCAAGGTCTE

CCCAGTTGCGAGTAGAGGE

TGCCACTCAAGCCTGTGLAG

TGCAGAGGGGGCTCTGAACT

CCTTTGGGETTCTGGATGIG

GTTGTTGCCAAACAGCACGC

TCTGAGTCCATCCCACACTT

TGAAGGCTGAAGCTTGCCAG

ACTCATTCCTTTCTCCCLTG

TCCTGRGAAGTTGCTAGTGAG

CAGTGGGTGGTTCTGAGCTG

CICCAGCCCAGCCCTTAG

CTCTCCCATTCTACAAAGGG

AGACTGTGCTCTCCATICTC

CAGAAGGCACCATAGCTCCT

TGTGLAGCAGCCCCTTICTCA

=75

749

4.9

738

738

738

749

Primar posibion
NOST! BT F
NOST! Ex7 R
NDST! ExB F
NDST! Ex8 R
NDST!_Exd F
NDST! Exd R
NOSTT Ex10 F
MOST! Ext0 R
NDSTT Ex11 F
NOST! Ext1_R
NDSTI Ext2 F
NDST! Ext2 R
NOSTT Ex13 F
MOST! Exi3 R
NDST! Extd F

NOSTI Ext4 R

Table 2(Continue)

Sequence (5' - 3)

AGGGTGGCTCAGACACTGAT

TCCATCCCTGTAGCAACCTG

AGTCCACTGACTGGGTTCTG

GGTCAAGAGCAGAGAGACCT

CTGGGTCTCAGGTGICTACC

TCCCGCTGTGGACAGAAAGE

TGAGTTTTGTCTGTGAGCCG

GAGTAACTGAGTGTCAGACG

GCATGCTGACCCTCTTICE

CCTCACAAGGGTCAGGG

ATCCCCTTTCTCCCTTICCA

AGACTTTGGCTTTGTTGCCE

TCCCATCCARAGACTTTCCC

TATGCAGGTGCTACAGGTAG

ACACAAGGTCTGAGCTTTCE

TCACAAACGTTCAGTCTGGE

738

738

3.8

738

749

7489

T2y

et

13.9

742

T2y

2y

72y

Tet

Teyf

72T

Tm; meting temperature, M13F and M13R sequence wene addsd fo the primers.
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Correlation between EXT1 and heparan sulfate

In enchondromas and chondrosarcomas related to enchondromatosis syndrome, cormelation was lound between
EXT1 and HS protein expression (Figure 1),

Figure 1 Analysis of EXT1 and HS
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A) Immunohistochemical staining for EXT1 protein (400x magnification)

B)  Scoring ol cytoplasmic expression of EXT1 protein. On the X-axis different fumor grades of Ollier and solitary tumors: are
given, Y-aas indicates the percentage of positive cells in each tumor.

C)  10E4 staining showing celis with and withou! cyloplasmic expression of HS.

D)  Scoring of cyloplasmic expression of HS. On (ke X-aais different tumaor grades of Ollier and solitary lumars are given. Y-
anis indicates the percentage of positive cells in each fumor,

E)  Inenchondromas and chondrosarcomas of enchondromeatosis, a correlation was found between EXT1 and HS exprassion
(R Square = 0.52, Spearman Correlation test).
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NDST1 Protein Expression

Chondrocytes in articular cartilage and in the normal growth plates demonstrated cyloplasmic expression of
NDST1. In lotal 98% of lumors related o Dllier disease and 69% of solitary tumors showed NDSTT protein
expression as outlined intable 3. In lumaors, cyloplasmic staining was highly variable ranging from weak to strong
(Figure 2, Table 3}, In total, 26 of 146 (18%) tumars were non evaluable due to the core losses or lack of posilive
internal control (vessel wall) and were therefore excluded from further analysis. The peripheral tumors that we
included for comparison demonstrated cyloplasmic NDST1 expression in 1/5 (20%) osteochondromas and 10113
(T6%) peripheral chondrosarcomas. Few lumaors showed nuclear staining. Interestingly, amang 28 different types
of soft tissue tumars that we stained on TWA fo assess specificity of nuclear staining, only synovial chondromatosis
showed nuclear staining.

Figure 2 Analysis of NDST1
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A)  Ollier chondrosarcoma showing cyloplasmic NDST profein expression in tumor cells (4D0x magnification).

B} Scoring of cyloplasmic expression of NDST1 protein. On the X-axis different tumor grades of Ollier and solitary
tumors are given. Y-ads indicates the percentage of positive cells in each tumar.
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Table 3 NDST1, EXT1 and Heparan sulfate protein expression

NDST1 expression

EC 28/28 (100%) 15/29 (51%) 15/38 (39%)
Dlligr c3l 1213 {92%) 5/10 (50%) 4113 (30%)

Csll &8 (100%) 48 (30%) 4/8 (50°%)

EC 545 (100%) 1/4 (25%) 1/5 (20°%)

csi 39 (33%) 02 07

Solitary
Csn 9/10 (90%) 34 (T3%) 174 (25%)
Csil 914 (64%) 56 (83%) 4/5 (B0%)
NDST1 mutation analysis

As we found expression of NDST1 in the majority of our tumors, we sequenced whole gene in selected tumors o
evaluate the possible presence of activating point mutations. Two silent mutations (TTC—TTT. Phe185Phe in exon
28 and AAC— AAT: Asn343Asn in exon 3) were found in 2/18 (L2135, L157) cases which were confirmed using
reverse and forward sequencing with M13 primers (Figure 3). Two known heterozygous SNPs (rs2273235 and
152273234) in exon 2 were observed in 10/18 lumors. Inexon 7, we found a known heterozygous SNP (rs1290147)
with allele distribution GG (4); GC {14); CC (0) and an unknown variant with allele distribution GG (13); GA (5); A4
(0) s0 GG is converted to GA in 5/18 cases (Table 1). This unknown variant found in five cases was confirmed by
sequencing from both directions.

To validate the finding of this unknown variant (G to A) and to estimate the frequency of the GA variant in the normal
population we performed HRM analysis for these 18 cases (36 alleles), alang with 82 DNA from healthy controls
(164 alleles) (Figure 1). The frequency of the A allele was higher in the patient group {5/36 = 13.8%) compared lo
the control group (10/164 = 6.09%). However, this difference was not statistically significant (ChiSquare, Fischer
exact'stest, p = 0.153) and therefore the Aallele does not seem to be related to the disease,
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Figure 3 NDST1 mutation analysis
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A) NDST! mutation analysis by Sanger sequencing. Oulput of Mutation surveyor software indicating Phe185Phe
heterozygous silent mutation in Matfucci chondrosarcoma grade Il (L2195). Top panel indicates three letier code for
aminoacid and middle panel indicates the reference sequence while lower pangl indicates the sequence of L2195,

B) High reselution melting curve analysis for genotyping. Blue colour indicales genotype (GC GA), gray indicates (GC
GG) and red indicates (GG GG).

Discussion

The GAGosome concept was introduced by Esko and Selleck, where they speculated that the enzymes are
assembled into complexes, GAGosomes, responsible for elongation and modification of the HS chain (25).
Differen! interactions belween EXT1 and EXTZ2 (15), Ch-epimerase wilh 2-Osulfotransferase (26) and
xylosyltransierase with galactosyllransferase-1 (27) were described. Presto el al. proved interactions between
NDST1 and EXT2 (17). They showed that in cells overexpressing NDST1 and EXT2, NDST1 competes with EXT1 to
bind to EXT2 and will form a hetero-duplex (17).
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In this study, we analyze expression of three components of the GAGosome (EXT1, HS and NDST1) in central
chandrosarcomas and a relatively large series of tumors occurring in the context of enchondromatosis, which we were
able lo collect all across Europe through the EuroBoNeT and EMSO0S networks thus fairly excluding a population bias.
Only 40- 50% of the tumaors expressed EXT1 and HS. We speculate based on our findings for the protein expression of
EXT1 and HS that central tumaors produce heparan sulfate when needed. This might explain why not all cells stain
equally. Furthermore, we found a correlation between EXT1 and HS protein expression. The percentage of EXT1 positive
cells is slightly higher than HS positive cells. The cellular environment might influence the activity of EXT1 in a cell,
Alternatively, sharl HS chains may be produced that are not detected by the 10E4 antibody. We previously observed a
similar discrepancy in the balance between EXT1 and 10E4 immuno staining in normal cartilage and growth plates
(20).

In enchondromatosis related tumors, we found high expression of NDST1. NDST1 is widely expressed in central
tumaors. The nuclear localization of NDST1 that we found is puzzling and its nuclear function is not reported in the
literature so far. Based on the high expression of NDST1 and the proposed GAGosome model, we hypothesized that
NOSTT might be a candidate gene for enchondroma or central chondrosarcoma development. There were no copy
number alterations of NDST1, EXTT or EXT2 on SNF array which was performed on tumors involved in Ollier disease,
sporadic salitary central and Mallucci syndrome (18;28). Previously, lotal 30 genes related lo HSPG biosynthesis
pathways including EXT and EXT-like genes were checked for genomic losses and gains in seven solitary central
chondrosarcamas and did not show any copy number alterations (16). Two metachondromatosis cases also showed
no point mutations inNDSTT. One of these two cases was positive for PTPNTT mulations (9).

In summary, we present the evaluation of NDST1 in cenlral cartilaginous tumars (Ollier diseases, Malfucci syndrome
and solitary central chondrosarcomas) and showed high expression of NDST1 as well as absence of MOSTT mutations,
In conclusion, we demonstrateno role of NDST1 in enchondromas or central chondrosarcomas,
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