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ORIGINAL ARTICLE
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Abstract Giant cell tumor of bone (GCTB) displays worri-
some clinical features such as local recurrence and occasion-
ally metastatic disease which are unpredictable by morpholo-
gy. Additional routinely usable biomarkers do not exist. Gene
expression profiles of six clinically defined groups of GCTB
and one group of aneurysmal bone cyst (ABC) were deter-
mined by microarray (n=33). The most promising differen-
tially expressed genes were validated by Q-PCR as potential
biomarkers in a larger patient group (n=41). Corresponding
protein expression was confirmed by immunohistochemistry.
Unsupervised hierarchical clustering reveals a metastatic

GCTB cluster, a heterogeneous, non-metastatic GCTB cluster,
and a primary ABC cluster. Balanced score testing indicates
that lumican (LUM) and decorin (DCN) are the most promis-
ing biomarkers as they have lower level of expression in the
metastatic group. Expression of dermatopontin (DPT) was
significantly lower in recurrent tumors. Validation of the re-
sults was performed by paired and unpaired t test in primary
GCTB and corresponding metastases, which proved that the
differential expression of LUM and DCN is tumor specific
rather than location specific. Our findings show that several
genes related to extracellular matrix integrity (LUM, DCN,

M. Lieveld (*) : E. Bodson :G. De Boeck :B. Nouman :
R. G. Forsyth
N. Goormaghtigh Institute of Pathology, Ghent, Belgium
e-mail: marusyalieveld@hotmail.com

E. Bodson
e-mail: erikbodsonmd@gmail.com

G. De Boeck
e-mail: deboeckgitte@yahoo.com

B. Nouman
e-mail: nouman.bouchra@yahoo.com

R. G. Forsyth
e-mail: r@forsyth.be

A. M. Cleton-Jansen : P. C. W. Hogendoorn
Department of Pathology, Leiden UniversityMedical Center, Leiden,
The Netherlands

A. M. Cleton-Jansen
e-mail: A.M.Cleton-Jansen@lumc.nl

P. C. W. Hogendoorn
e-mail: P.C.W.Hogendoorn@lumc.nl

E. Korsching
Institute of Bioinformatics, University of Muenster, Muenster,
Germany
e-mail: korschi@uni-muenster.de

M. S. Benassi : P. Picci
Laboratorio di Ricerca Oncologica, Istituto Ortopedico Rizzoli,
Bologna, Italy

M. S. Benassi
e-mail: mariaserena.benassi@ior.it

P. Picci
e-mail: piero.picci@ior.it

G. Sys : B. Poffyn
Department of Orthopaedic Surgery, Ghent University Hospital,
Ghent, Belgium

G. Sys
e-mail: gwen.sys@UGent.be

B. Poffyn
e-mail: bart.poffyn@uzgent.be

N. A. Athanasou
Department of Pathology, Nuffield Department of Orthopaedic
Surgery, Nuffield Orthopaedic Centre, Oxford, UK

e-mail: Nick.Athanasou@ouh.nhs.uk

M. Lieveld
ICRH, Ghent University, De Pintelaan 185 UZP114, 9000 Ghent,
Belgium

Virchows Arch (2014) 465:703–713
DOI 10.1007/s00428-014-1666-7



and DPT) are differentially expressed and may serve as bio-
markers for metastatic and recurrent GCTB.

Keywords Giant cell tumor of bone . Decorin .

Osteoclastogenesis . Gene expression profiling . Extracellular
matrix

Abbreviations
GCTB Giant cell tumor of bone
ABC Primary aneurysmatic bone cyst
ECM Extracellular matrix
cRNA Copy ribonucleic acid
DCN Decorin
LUM Lumican, DPT, dermatopontin
EPYC Epiphycan
ZNF14 Zinc finger protein-14
CLEC2D C-type lectin domain family 2-member D
RPL23 Ribosomal protein L23
FRZB Frizzled-related protein
C2orf40 Chromosome 2 open reading frame 40
FGFBP2 Fibroblast growth factor binding protein 2
CPXM2 Carboxypeptidase X-M14 family-member 2
PEG3 Paternally expressed 3
TGF-β Transforming growth factor beta
NRQ Normalized relative quantity
DAB Diaminobenzidine
M-CSF Macrophage colony-stimulating factor
RANKL Receptor activator of nuclear factor kappa-B

ligand
VEGF Vascular endothelial growth factor
HGF Hepatocyte growth factor/scatter factor
HIF-1α Hypoxia-inducible factor 1-alpha
TKR Tyrosine kinase receptor
TNF-α Tumor necrosis factor α
IL-6 Interleukin-6
LIGHT Tumor necrosis factor superfamily, member 14
PIGF Placental growth factor
FLT-3 Fms-like tyrosine kinase 3
HGF Hepatocyte growth factor
MET HGF receptor
MMP-9 Matrix metalloprotein 9

Introduction

Giant cell tumor of bone (GCTB) is an osteolytic bone tumor
which occurs most commonly in patients who have reached
skeletal maturity. It usually arises in the epiphysis of long
bones and consists of a population of mostly inconspicuous
spindle-shaped fibroblast-like stromal cells and more conspic-
uous populations of monocytoid cells and osteoclast-like giant
cells. The spindle cell component seems to be responsible for

the attraction of blood monocytes, immigration, and differen-
tiation of osteoclasts and osteoclast activity [1]. In cell cul-
tures, osteoclasts are lost after a few generations [2].

GCTB shows variable behavior in terms of tumor growth
and metastatic potential. In most cases, it behaves as a benign,
gradually enlarging osteolytic bone tumor but in some cases it
shows rapid growth and local aggressiveness: Rarely, meta-
static lung nodules of GCTB can develop and malignant
change in GCTB can also occur. Osteolytic and locally ag-
gressive characteristics of GCTB can be explained by its
cathepsin biology and high degree of RANKL expression
which is associated with increased osteoclast formation and
activity [3–5]. Intravascular plugs of GCTB can be found at
the periphery of the tumor, but a clear mechanism for meta-
static disease has not yet been elucidated [6, 7].

The treatment of GCTB largely depends on its extension.
Most cases are treated by curettage but local recurrence is
common and extensive ‘en bloc’ resection may be the only
curable option [8–10]. Anticipating clinical behavior of
GCTB is important in planning appropriate therapy and
avoiding repetitive surgical interventions [10–12].

To date, no histological, clinical or radiographic character-
istics have clearly been shown to predict the behavior of
GCTB in terms of outcome [6, 13–15]. In contrast, gene
expression profiling has been proven to be of value in identi-
fying specific genes that predict tumor behavior. The aim of
this study was to obtain greater insight into the biological
behavior of GCTB through identification of gene expression
profiles that might act as biomarkers, capable of distinguishing
subgroups of GCTBwith distinctly different clinical behaviors.
In addition, we set out to determine whether the biomarkers we
identified are site specific (expressed preferentially in lung
metastasis but not in the primary tumor) or tumor specific
(expressed in metastases as well as their primary tumors but
not in non-metastasizing tumors).

Materials and methods

Patient and tissue sample selection

Cases were selected from the archives of the departments of
Pathology of Leiden University Medical Center (The
Netherlands) (n=23), the N. Goormaghtigh Institute of
Pathology of the Ghent University Hospital (Belgium) (n=
6), and the Rizolli Institute Bologna (Italy) (n=4). A total of
24 patients with GCTB, five patients with primary ABC and
four patients with GCTB lung metastases were included for
microarray analysis. The heterogenous group of 24 GCTBs
was subdivided into five subgroups: conventional GCTB
(control group; GCTB-0), GCTB with regressive changes
(fibrosis, hemorrhages, and foam cell aggregates; GCTB-R),
a high recurrence group (at least third recurrence of GCTB at
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the same location; GCTB-3R), GCTB located in the distal
radius (GCTB-A), and GCTB with secondary ABC (GCTB-
ABC). None of these patients were treated with denosumab
before sampling. The ABC group was used as a second
control group, representing a benign giant cell-rich bone tu-
mor distinct from GCTB. There were no solid variants includ-
ed in the ABC group. A snap frozen section of the whole tumor
sample was made, hematoxylin and eosin stained and exam-
ined independently by two pathologists (PCW and RGF) in
order to confirm subsequent diagnoses and to exclude exces-
sive contamination by bone or other non-tumoral tissue.
Finally, 20 sections (20 μm) of each sample were cut and
stored at −80 °C until use for gene expression analysis. For
quantitative polymerase chain reaction (Q-PCR), an additional
eight patients (N. Goormaghtigh Institute of Pathology of the
Ghent University Hospital (Belgium)) were included: three in
the control group, two in the high recurrence group, two cases
of GCTB with secondary ABC, and one patient with GCTB
located in the distal radius. Biomarkers for lung metastases
were evaluated in an independent set of 11 samples (the Rizolli
Institute Bologna (Italy)): six cases of GCTB-M and their
corresponding primary tumor (GCTB-P); for one lung metas-
tasis no primary bone tumor was available.

Microarray analysis

Illumina’s Human-6 v2 Expression BeadChips (Illumina®,
Son, The Netherlands) were used. This genome-wide expres-
sion platform simultaneously profiles six sample and more
than 48,000 transcript probes per sample, on a single micro-
array and 30 to 40 replicates of each bead are used, generating
very reliable data. The expression beads contain full-length
50-mer probes of well characterized genes, gene candidates,
and splice variants. These gene-specific probes carry 100,000
copies of the probe attached to the bead surface, binding the
biotin labeled copy RNA (cRNA) in the sample. The biotin
labeled cRNA is generated from total RNA, isolated from
each of the tumor samples. After hybridization to the
Illumina’s Human-6 Expression BeadChip Arrays, the gener-
ated data were analyzed applying the Illumina’s BeadStudio
Software.

RNA extraction, cRNA synthesis, and hybridization
of microarray targets

Total RNA was isolated from GCTB tissue, sectioned into
20 μm sections using a cryostat, with Trizol® (Invitrogen Life
Technologies, Carlsbad, CA) and purified using the RNeasy-
mini kit (Qiagen, Hilden, Germany), according to the user
manuals. The quantity of RNA was measured with the
NanoDrop ND-100 Spectrophotometer (Nanodrop®
Technologies Inc., Wilmington, DE), and the quality was
verified on the Agilent 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA). Of the quality-checked RNA,
200 ng was transposed in biotin labeled amplified cRNA,
using the Illumina® TotalPrep RNA Amplification Kit
(Ambrion, Inc., Austin, TX). In this way, multiple copies of
biotin labeled cRNAwere synthesized and, after purification,
hybridized to the Illumina’s human −6 V2 Human-6 v2
Expression BeadChip Arrays. The arrays were washed,
blocked, and stained with streptavidin-Cy3 solution. The fluo-
rescent assay signal, generated on each array, was captured
and quantified using the Illumina BeadArray Reader. Output
files were exported to the Illumina’s Beadstudio Software for
analysis. Bead signals were computed with weighted averages
of pixel intensities and local background was subtracted.

Statistical analysis

An unsupervised hierarchical cluster analysis, ClustalW, using
correlation-based average linkage clustering was applied to
assess the relative similarities or dissimilarities in the global
gene expression patterns. The gene expression profiles of the
different groups were compared to each other using the bal-
anced test method, which can identify the most significant and
biologically relevant markers and rank these according to their
biological relevance [16]. As a different approach, this meth-
odology first test the null hypothesis followed by a second test
with an alternative hypothesis of interest (in our case, twofold
change inmessenger RNA [mRNA] level). The results of both
tests are depicted in a global R value, being the ration of
p values of the alternative over the null hypothesis. In this
method, the null hypothesis is rejected, if R>1. The genes
with the highest R values in each group are considered most
relevant.

Validation by quantitative polymerase chain reaction

RNA extraction

As a complement to the samples used for microarray, eight
additional samples (three for GCTB-0, two for GCTB-3R, one
for GCTB-A, and two GCTB-ABC) were included for Q-
PCR (Table 1). Potential biomarkers for GCTB with lung
metastases were evaluated in a supplementary group of 11
cases (Table 1). For each sample, 25 mg of tissue was
disrupted and the lysate was homogenized with a rotar-stator
homogenizer. Total RNAwas extracted with the RNeasy Mini
Kit (Qiagen, Venlo, The Netherlands) following the manufac-
turer’s instructions. This was followed by a DNase treatment
using RQ1 RNase-Free DNase (Promega, Leiden, The
Netherlands), ensuring that only RNA is present in the sample.
After the DNase treatment, first-strand cDNAwas synthesized
using the iScript cDNA synthesis kit (Biorad Laboratories
Ltd. Hertfordshire, UK) according to the manufacturer’s
directions. The cDNA concentrations in the samples were
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measured by the NanoDrop ND-100 Spectrophotometer
(Nanodrop Technologies Inc., Wilmington, DE). Before ap-
plying Q-PCR, cDNA was diluted up to a concentration of
20 ng/μl.

Selection of reference genes

The most stable and optimal housekeeping genes for the 41
samples were identified, with the geNorm Housekeeping
Gene Selection Kit (Primerdesign, Southampton, Hants), ac-
cording to its instructions.

Primer design

Specific expression primers were designed using Primer-
Blast, Oligo 7, and mFold. The selected primers were synthe-
sized by Integraded DNA Technologies (Leuven, Belgium).
Primer sequences are available on request.

Q-PCR

Q-PCR was performed using the LightCycler® 480
(Roche Diagnostics, Vilvoorde, Belgium). All tests were run
in duplicate and two non-template controls were included. The
reaction volume in each well contained 9.6 μl Sybr Green mix
(Roche Diagnostics), 0.7 μl forward primer (5 μM), 0.7 μl
reverse primer (5 μM), 4 μl H2O (Roche Diagnostics), and
2 μl cDNA (20 ng/μl). The amplification procedure was
performed under the following conditions: preincubation at

Table 1 Clinicopathological data of 36 GCTB and five primary ABC
tumor samples, subdivided into seven groups according to clinical and
histological data

Patient ID Age
(years)

Sex Localisation Diagnosis

1 22 F Right distal femur GCTB-0

2 48 M Left distal femur GCTB-0

3 33 M Right distal femur GCTB-0

4 31 M Right distal femur GCTB-0

5 25 F Knee GCTB-0

6 33 M Knee GCTB-0

7 25 M Knee GCTB-0

8 32 F Sacrum GCTB-0

9 51 M Sacrum GCTB-0

10 45 F Left distal femur GCTB-R

11 29 M Right distal femur GCTB-R

12 25 M Right distal femur GCTB-R

13 45 F Left distal femur GCTB-R

14 54 M Left distal femur GCTB-R

15 40 F Right distal radius GCTB-3R

16 42 F Right distal femur GCTB-3R

17 22 M Right proximal tibia GCTB-3R

18 38 F Left proximal tibia GCTB-3R

19 54 M Right distal radius GCTB-3R

20 25 F Right distal radius GCTB-A

21 59 M Left distal radius GCTB-A

22 25 M Left distal radius GCTB-A

23 40 M Left distal radius GCTB-A

24 22 M Right distal radius GCTB-A

25 22 F Right distal radius GCTB-A

26 34 M Left distal radius GCTB-A

27 18 M Left proximal tibia GCTB-ABC

28 27 F Left proximal tibia GCTB-ABC

29 21 F Right distal radius GCTB-ABC

30 24 F Right distal tibia GCTB-ABC

31 22 M Left proximal tibia GCTB-ABC

32 30 F Right distal radius GCTB-ABC

33 45 F Lung GCTB-M

34 51 M Lung GCTB-M

35 39 M Lung GCTB-M

36 56 F Lung GCTB-M

42 41 M Lung GCTB-M

43 32 F Lung GCTB-M

44 25 M Lung GCTB-M

45 58 F Lung GCTB-M

46 29 M Lung GCTB-M

47 23 M Lung GCTB-M

48 (primary
tumor of 42)

41 M Left distal femur GCTB-P

49 (primary
tumor of 43)

32 F Right distal femur GCTB-P

Table 1 (continued)

Patient ID Age
(years)

Sex Localisation Diagnosis

50 (primary
tumor of 44)

25 M Right distal femur GCTB-P

51 (primary
tumor of 45)

58 F Knee GCTB-P

52 (primary
tumor of 46)

29 M Knee GCTB-P

37 23 M Left fibula ABC

38 17 M Left pedicle L4 ABC

39 12 F Right fibula ABC

40 26 F Left tibia ABC

41 15 M Right femur ABC

GCTB-0 samples of histologically low-grade and homogeneous tumors
without any evidence of associated lesions. GCTB-R tumor samples
showing regressive changes. GCTB-3R samples of a third recurrence of
GCTB at the same location. GCTB-A samples of GCTB located in the
distal radius. This location is frequently associated with amore aggressive
clinical behavior. GCTB-ABC samples of primary GCTB with associated
secondary ABC.GCTB-M samples of a lung metastatic nodule of GCTB.
ABC samples of primary ABC. GCTB-P primary tumor of metastatic
GCTB
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95 °C for 10 min, 50 cycles of template denaturation at 95 °C
for 10 s, together with 14 s of primer annealing at gene-
specific temperature, and elongation at 72 °C for 12 s. To
verify the specificity of the Q-PCR, a melting curve was
generated at the end of each reaction, by elevating the tem-
perature from 65 to 95 °C.

Analysis of the Q-PCR results

The raw Q-PCR data were processed and analyzed using
qBaseplus (Biogazelle) identifying first the reference genes
followed by obtaining normalized relative quantity (NRQ)
for every test. For each NRQ, a standard deviation was
calculated.

Statistical analysis was accomplished with the help of
SPSS 17.0 software. To identify a correlation between most
promising expressed genes and the defined subgroups, t test-
ing was applied.

Immunohistochemistry

Immunohistochemistry was performed using independent
subsets of formalin-fixed paraffin-embedded (FFPE) tumor
samples. This set of samples consisted of ten cases of
GCTB associated with regressive changes, five cases of
primary and recurrent GCTB, three lung metastatic nod-
ules, and five cases of GCTB associated with secondary
ABC. From each sample, a 4 μm paraffin-embedded slide
was cut, mounted on an electrically charged superfrost plus
slide (Menzel-Gläser, Braunschweig), rehydrated, and sub-
mitted to antigen retrieval in EDTA (pH 8.0) or citrate (pH
6.0). After quenching, the sections were stained with anti-
bodies (Abcam, UK) against proteins of interest in a dilu-
tion of 1:100 for 1 h at room temperature. Afterwards, the
sections were incubated with biotinylated secondary anti-
body and subsequently with the streptavidin-HRP (DAKO,
Heverlee, Belgium), both for 30 min at room temperature.
Finally, the sections were incubated in peroxidase DAB
(Diaminobenzidine) (DAKO) solution and counterstained
with hematoxylin.

Results

Unsupervised hierarchical clustering

ClustalW revealed three major clusters: a metastatic cluster, a
primary ABC cluster, and a large heterogeneous GCTB clus-
ter. In the primary ABC cluster, a subcluster containing part of
the GCTB control cases was present.

Microarray data

An overview of the biologically most relevant markers, iden-
tified with the balanced test method is displayed in Table 2. A
comparison of metastatic with non-metastatic cases in this
study identified 11 genes which showed significantly lower
expression in the metastatic group. Of these 11 genes, decorin
(DCN) and lumican (LUM) appeared to be the most differen-
tially expressed genes; LUM showed 30 times less expression
(p value=3E-10), and DCN was 26 (p value=4E-8) times less
expressed (Fig. 1).

Regarding GCTB recurrence, four genes showed a signif-
icant differential expression in the high recurrence group. This
was most prominent for dermatopontin (DPT) and zinc finger
protein-14 (ZNF14); DPTexhibited lower expression whereas
ZNF14 showed higher expression in the high recurrence
group.

The search for potential biomarkers that might reflect re-
gressive changes in GCTB identified epiphycan (EPYC),
which was found to have a higher expression in this group.
C-type lectin domain family 2-member D (CLEC2D) and
ribosomal protein L23 (RPL23) showed significantly lower
expression in GCTBs exhibiting regressive changes. In
GCTBs with secondary ABC, a significant increase in gene
expression of frizzled-related protein (FRZB), chromosome 2
open reading frame 40 (C2orf40), fibroblast growth factor
binding protein 2 (FGFBP2), and carboxypeptidase X-M14
family-member 2 (CPXM2) were observed.

Gene selection and validation by Q-PCR

As noted in the above methods, 23 genes were selected for
further analysis (Table 2). Q-PCR confirmed a lower expres-
sion of DCN and LUM at mRNA level in the metastatic cases
(Fig. 2). From the microarray data, five genes were extracted
that showed prominent differential gene expression in the
relapsed cases. Differential expression was verified for two
of the genes: ZNF14 displayed higher expression whereas
DPT exhibited lower expression in the recurrent cases group
compared to the other GCTB samples. Based on the microar-
ray data, regressive changes in GCTB are associated with
higher expression of EPYC and lower expression of
CLEC2D and RPL23. Q-PCR supported differential expres-
sion of all of these three genes, however only for EPYC a
significant differential expression (p=0.004) could be verified.
In the GCTB group with secondary ABC, Q-PCR confirmed a
significant increase in expression of FRZB.

Location specific versus tumor specific

In order to validate our findings, we investigated whether the
lower expression of LUM and DCN is location specific or
tumor specific. We first compared the gene expression level of
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these genes in lung metastases to the expression in primary
tumors. We did not found significant differential expression
between the lung metastases and their primary located tumors
by applying both the paired t test (DCN, p value=0.9; LUM, p
value=0.5) and the unpaired t test (DCN, p value=0.9; LUM,
p value=0.6). Then the expression of both the lung metastases
and their primary tumors was compared with the group of
non-metastasizing primary cases of GCTB (GCTB-A, GCTB-
0, GCTB-R, GCTB-3R, and GCTB-ABC). We observed a
significant lower differential gene expression in the lung me-
tastases compared to the non-metastasizing tumor samples
(DCN, p=0.002; LUM, p<0.001). We also found significant-
ly lower expression of both genes in the primary tumors with
lung metastases compared to the non-metastasizing tumors
(DCN, p=0.003; LUM, p<0.001) (Fig. 3).

Immunohistochemistry

Immunohistochemical staining for DCN and LUM supported
the above findings of lower expression of these proteins in the
metastatic GCTB group compared with other groups. Both
proteins were mainly present in the extracellular matrix
(Fig. 4).

Discussion

GCTB is a heterogeneous tumor with a complex pathobiolo-
gy. It arises in the epiphysis as an expansile lesion. It has a
high recurrence rate and the potential to produce metastatic
nodules in the lung; rarely malignant change can also occur in
the primary tumor. Morphological features cannot predict
GCTB behavior; thus, selected biomarkers could be of value.
A few gene expression profiling studies have been carried out
on GCTB. Morgan et al. [17] addressed the differential gene
expression profiles of neoplastic GCTB mononuclear stromal
cells and compared them with those of mesenchymal stem
cells. Although many genes were found to be up or downreg-
ulated, only gene expression at the cellular level was analyzed.
There was no correlation with clinical outcome nor was a
search for prognostic biomarkers made. Lee et al. [14] exam-
ined the general gene expression profiles of GCTB in relation
to other bone tumors, including a number of giant-cell-rich
tumors and tumor-like lesions of bone in order to identify
novel diagnostic markers. Our study sought to correlate tumor
behavior and molecular genetic findings, dividing GCTB into
specific clinical subgroups and focusing on gene expression in
whole tumor samples, in order to allow us to take the effect of
the tumor on the extracellular matrix (ECM) environment and
vice versa into account. The ECM is involved in tumor pro-
gression and in several crucial biological processes such as
cell proliferation, differentiation, adhesion, and migration. In

this way, it affects tissue repair and metastatic disease as has
frequently been reported for different types of carcinoma [18,
19].

This study has found DCN, LUM, ZNF14, COL11A1,
EPYC, and FRZB to be differentially expressed in predefined
subgroups of GCTB. Specifically, DCN and LUM showed a
lower expression in the metastatic group compared with the
non-metastatic group of GCTBs. DCN and LUM are mem-
bers of the small leucine-rich proteoglycan (SLRP) family:
DCN was named for its high affinity interactions with colla-
gen fibers and regulation of fibrillogenesis [20–23]. It has
been termed the ‘guardian from the matrix’ for its presence
in the stroma and its multifactorial ways of repressing tumor
growth by attenuating key prosurvival, migratory, prolifera-
tive, and angiogenic signaling in the tumor microenvironment.
DCN has a promiscuous binding capacity and is known to
regulate bioavailability of growth factors (e.g., TGF-β)
[24–26]. It also acts as an endogenous pan-tyrosine kinase
inhibitor, negatively affecting cell proliferation by controlling
the endogenous level of modulators of the cell cycle check
points [11, 20, 23, 26, 27]. In addition, it influences inflam-
mation and angiogenesis in the tumor microenvironment [23].
LUM has similar functions in the extracellular matrix, how-
ever, it has not been studied as extensively [22, 28]. It has been
shown that LUM significantly decreases cell migration, inva-
sion, and anchorage-independent growth in vitro [29]. The
role of these leucine-rich proteins as tumorigenic inhibitors
has been discovered for several epithelial tumors: DCN and
LUM were simultaneously found to be less expressed in
breast carcinomas and melanomas [22, 30, 31]. Troup et al.
[30] reported that decreased expression of DCN and LUM is
associated with poorer prognosis in breast carcinoma. A study
published by Goldoni et al. [26] showed that in cases of
orthotopic breast carcinoma in mice, systemic delivery of
DCN reduces pulmonary metastases. In vitro studies have
also demonstrated correlation of LUM expression in osteosar-
coma cell lines: positively with differentiation and negatively
with growth [31]. This study is the first to demonstrate differ-
ential expression of SLRPs in whole tumor samples of GCTB
exhibiting different biological behavior.

Signaling in GCTB includes attraction of monocytes and
induction of osteoclast differentiation and osteoclast activity.
The canonical pathway of osteoclast formation, which is well
recognized to operate in GCTB, requires the presence of
macrophage colony stimulating factor (M-CSF) and the re-
ceptor activator for NFκB ligand (RANKL) [32]. There are
also non-canonical pathways of osteoclast formation, whereby
cytokines or growth factors can substitute for RANKL or M-
CSF to induce osteoclast formation. RANKL substitutes in-
clude tumor necrosis factor α (TNF-α), transforming growth
factor β (TGF-β), interleukin-6 (IL-6), and tumor necrosis
factor (ligand) superfamily, member 14 (LIGHT). M-CSF
substitutes include vascular endothelial growth factor
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Table 2 Most differentially expressed genes in GCTB-M, GCTB-R, GCTB-A, GCTB-ABC, and GCTB-3R, ranked on R value

GCTB subtype Gene Accession number NCBI Average p value Average R value Fold change Locus

Upregulated genes

Metastatic cases SLC5A8 NM_145913.3 2.23E-08 2.42 11.25 12q23.1–q23.2

ERGIC1 NM_020462.1 2.96E-11 1.84 6.3 5q35.1

Relapse cases ZNF14 NM_021030.2 0.08 1.45 4.26 9p13.3–p13.2

USP49 NM_018561.3 0.07 1.31 3.71 6p21

FAM115C NM_001130026.2 0.06 1.04 2.83 7q35

Aggressive cases No protein-coding genes

Regressive cases EPYC NM_004950.4 0.009 2.25 9.49 12q21

GCTB with secondary ABC FGFBP2 NM_031950.3 0.002 2.56 12.94 4p15.32d

C2orf40 NM_032411.2 0.005 2.23 9.3 2q12.2

FRZB NM_001463.3 0.008 1.75 5.75 2q32.1

Downregulated genes

Metastatic cases LUM NM_002345.3 3.11E-10 −3.41 30.27 12q21.3–q22

DCN NM_133503.2 4.38E-08 −3.29 26.85 12q21.33

OSTC NM_021227.3 3.15E-08 −2.74 15.49 4q25

FAM198B NM_016613.6 2.04E-10 −2.73 15.33 4q32.1

ITGAV NM_002210.4 1.66E-09 −2.70 14.88 2q31–q32

PRDX4 NM_006406.1 4.58E-10 −2.56 12.94 Xp22.11

TMCO3 NM_017905.4 2.22E-09 −2.26 9.58 13q34

RPL9 NM_001024921.2 4.67E-09 −2.19 8.94 4p13

EIF3M NM_006360.4 3.81E-10 −2.15 8.58 11p13

KDELR2 NM_006854.3 2.15E-10 −2.11 8.2 7p22.1

MMADHC NM_015702.2 1.25E-09 −1.94 6.96 2q23.2

Relapse cases DPT NM_001937.4 0.06 −1.73 5.64 1q12–q23

Aggressive cases COL11A1 NM_080629.2 0.01 −1.62 4.9 1p21

Regressive cases RPL23 NM_000978.3 0.07 −1.53 4.62 17q

CLEC2D NM_013269.5 0.04 −1.39 4.01 12p13

GCTB with secondary ABC No protein-coding genes

Fig. 1 Boxplot for LUM (a) and
DCN (b). Y-axis, log2-
transformed normalized
microarray data. X-axis, GCTB
group. 0 GCTB-O, 1 GCTB-R, 2
GCTB-3R, 3 GCTB-A, 4 GCTB-
ABC, 5 ABC, 6 GCTB-M
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(VEGF), placental growth factor (PlGF), Fms-like tyrosine
kinase 3 (FLT-3) ligand, and hepatocyte growth factor (HGF).
These growth factors can also influence canonical (RANKL/
M-CSF-induced) osteoclast formation [32–34]. Addition of
TGF-β to RANKL and M-CSF increases osteoclast forma-
tion, whereas blocking endogenous TGF-β significantly in-
hibits osteoclast formation [35].We found lower expression of
DCN and LUM in metastasizing GCTB, which is plausible
because of the known functions of DCN: the mechanisms of
DCN inhibition in GCTB include sequestration of TGF-β,
which would reduce monocyte attraction and osteoclast dif-
ferentiation and osteoclast activity, blocking of tyrosine kinase
receptors (TKR), such as HGF receptor (MET) and VEGF
receptor (VEGFR), which would reduce angiogenesis and
osteoclast activity through repression of β-catenin and
hypoxia-inducible factor 1-alpha (HIF-1α) and attenuation

of matrix metalloprotein 9 (MMP-9) [23, 32, 36–38]. The
M-CSF receptor is also a TKR, but there is no evidence of
direct inhibition of monocytes by DCN in the literature. A
reduction in DCN would then imply less attenuation of
osteoclast-ECM signaling, possibly enhancing the production
of lung implants. Changes in DCN have variable effects in
different neoplastic or reactive conditions [23] and the effect
of DCN signaling inhibition needs validation in GCTB.

LUM’s mechanism in GCTB remains unclear; LUM and
DCN are situated next to each other on the long arm of
chromosome 12. This strongly suggests a possible coordina-
tion of transcriptional or post-transcriptional control over the-
se SLRPs. LUMmay be an innocent bystander, or it may have
important, hitherto unknown functions.

Differential gene expression between primary GCTB and
lung metastasis may be expected. We, therefore, investigated

Fig. 2 Boxplot for Q-PCR values of LUM (a) and DCN (b) expression. Y-axis, log2-transformed normalized relative quantity (NRQ) including mean,
median, and range of expression. X-axis, GCTB group. 0 GCTB-O, 1 GCTB-R, 2 GCTB-3R, 3 GCTB-A, 4 GCTB-ABC, 5 ABC, 6 GCTB-M

Fig. 3 Boxplot for LUM (a) and DCN (b) expression in lung metastases
(M), their primary tumor (P) and non-metastasizing tumor samples (Non
metastatic). Y-axis, log2-transformed NRQ including mean, median, and

range of expression. X-axis, GCTB group. 0 GCTB-O, 1 GCTB-R, 2
GCTB-3R, 3 GCTB-A, 4 GCTB-ABC, 5 ABC, 6 GCTB-M
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whether lower expression of these extracellular matrix pro-
teins is a tumor specific rather than a location specific phe-
nomenon. Expression of both extracellular matrix genes,
which differs significantly between metastasizing and non-
metastasizing tumors and between primary tumors compared
to the non-metastasizing group, is a strong indication that the
expression of LUM and DCN is tumor specific. Lower differ-
ential gene expression of these ECM genes is a potential
biomarker for their biological behavior. However, it is not
clear whether these markers can be used in routine pathology,
since quantitative immunohistochemistry might have low
reproducibility.

In comparing recurrent and non-recurrent GCTBs, this
study found that DPT is less expressed in the recurrent group.
DPT encodes another protein related to the ECM. Reduced
DPT has previously been detected in some leiomyomas, and
involvement in progression of these tumors has been sug-
gested. Examination of the extracellular matrix in these
leiomyomas revealed disorganized matrix microenvironment
that could favor tumor growth [39]. Other studies have report-
ed that DPT interacts with collagen in the ECM, modulating
its structure [40]. DPT, DCN, and TGF-β display complex
interactions, the effects of which have yet to be elucidated
[41]. In addition to DPT, zinc finger protein 14 (ZNF14) also
exhibited differential mRNA expression in the recurrent cases
compared with the other groups. ZNF14 is known to bind a
number of zinc finger proteins, repressing their transcription
[42]. Repression of tumor suppression genes associated with
increased ZNF14 may promote tumor progression and recur-
rence; this may explain the elevated transcription levels in the
recurrent cases of GCTB as noted in this study.

GCTBs in the radius, which are known to exhibit more
aggressive behavior, showed differential expression of
COL11A1. COL11A1 encodes one of the two alpha chains
of type XI collagen, a fibrillar collagen in the ECM which
plays an important role during fibrillogenesis. Low COL11A1
expression level may lead to decreased synthesis of collagen

type XI and thus to a reduction in this type of collagen fibrils,
causing a less solid or less uniform ECM structure [43]. Thus,
weakening of ECM in these tumors might co-contribute to
their aggressiveness.

In contrast, tumors which show regressive morphological
changes showed higher expression of EPYC than those which
showed no evidence of regression. Like DCN and LUM, the
encoding protein of EPYC is a member of the small leucine-
rich proteoglycan family and is located in the ECM [44]. It is
involved in chondrogenesis and regulates fibrillogenesis by
interacting with collagen fibrils and other extracellular matrix
proteins [45]. Based on our research, it is possible that EPYC,
DPT, and COL11A1might (as has been shown for DCN) have
an important signaling function on the top of their function in
ECM organization.

In the GCTB group associated with ABC, FRZB was
differentially upregulated: It functions as a soluble decoy
receptor for Wnt signaling and exerts a positive effect on
osteoblast differentiation, possibly explaining the ABC sub-
type [46].

In conclusion, we have shown that DCN, LUM, DPT,
ZNF14, COL11A1, EPYC, and FRZB represent promising
molecular markers to study tumor biology in GCTB with
respect to metastatic potential, tumor recurrence, local aggres-
siveness, regressive changes, and secondary ABC change.
Strongly reduced expression of DCN and LUM in lung me-
tastases and their corresponding primary tumors emphasizes
their importance in the biological behavior of GCTB.
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