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downregulation of Cx43 expression and gap junction coupling in neoplastic stromal cells
are associated with the clinical progression and worse prognosis in GCTB.

Introduction

Connexins, in particular connexin43 (Cx43) and their cell membrane channels, play crucial
roles in bone development including the regulation of osteoblast proliferation and differentia-
tion, and the coordination of osteocyte adaptation to mechanical loading and soluble growth
factors [1-3]. Missense mutations of the GJA1 gene encoding the Cx43 protein cause skeletal
malformations called as oculodentodigital dysplasia (ODDD) [4]. In mice, induced ablation of
the GJA1 gene or ODDD-like mutations in chondro-osteogenic linage cells result in hypomi-
neralization and severe delay in skeletal ossification due to osteoblast dysfunction, reduced
osteoprotegerin production and elevated osteoclastogenesis [1]. In giant cell tumor of bone
(GCTB), which is a benign but locally aggressive osteolytic lesion with unpredictable progres-
sion, neoplastic stromal cells of osteoblast origin promote pathological osteolysis [5-7]. In this
study, Cx43 expression was tested in primary and recurrent GCTB cases and in isolated neo-
plastic stromal cells and correlated with the clinico-radiological tumor stages and progression
free patient survival.

GCTB constitutes 5-20% of bone tumors in the Western and South-Asian population, re-
spectively [5,8]. It arises mainly in the epi-metaphyseal region of long bones of young adults
(20-45 years of age) and is associated with progressive bone destruction [9,10]. Despite recent
improvements in surgical interventions combining curettage with phenol and methyl-metacry-
late resin or cryosurgery with methacrylate resin adjuvant treatments, the recurrence rate of
GCTB is still high, ranging between 8-27% [11]. In 10% of cases GCTB can show malignant
transformation, and in 1-4% it can form benign lung implants, which are also called metastases
[12-14].

In GCTB, osteoclast-like giant cells are admixed with mononuclear cells composed mainly
of monocytic precursors of osteoclasts and osteoblast-like stromal cells [6]. Only these stromal
cells are thought to be neoplastic in nature in GCTB based on their chromosomal instability,
clonal telomeric associations and frequent H3F3A driver mutations [15-18]. Neoplastic stro-
mal cells drive pathological osteolysis, largely through the canonical nuclear factor-kappa B
(NF-xB) ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) (RANKL/
M-CSF) interaction [7,19]. Their production of osteoprotegerin, which controls osteoclast ac-
tivity is impaired [20]. Besides the osteoblastic markers such as type I collagen, osteocalcin,
osteopontin and alkaline phosphatase, a fraction of GCTB stromal cells also express the mesen-
chymal stem cell (MSC) markers CD73, CD105 and CD166 [21]. Despite some correlation
with pathological grade, clinical stage and tumor size, as well as expression of molecular mark-
ers including vascular endothelial growth factor (VEGF) [22,23], matrix metalloproteinase
type-9 (MMP-9) [24], p63 [25,26], epidermal growth factor receptor (EGFR) [27], human telo-
merase reverse transcriptase (WTERT) [28], runt-related transcription factor 2 (RUNX2) [29]
and increased proliferation [30], recurrence of GCTB is difficult to predict.

Bone marrow stromal cells, osteogenic osteoblasts at the hemopoetic endosteal margin and
bone embedded osteocytes are all derived from mesenchymal stem cells and form networks
through their processes coupled mainly by Cx43 gap junctions [31,32]. Human connexins (Cx)
constitute a family of 21 isoproteins froming transmembrane channels [33]. Hemichannels
(connexons), formed by six connexin molecules of adjacent cells can align for gap junctions
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[34], which permit the transport of ions and regulatory molecules of <1.8 kDa including mor-
phogens, metabolites and secondary messengers (e.g. Ca>"; cAMP and IP3) [35]. Intercellular
communication mediated by connexin channels plays a critical role in the co-ordination of em-
bryonic development and tissue homeostasis through the control of proliferation and differen-
tiation. Connexins can also mediate signals to the extracellular microenvironment as
hemichannels and interact with cytoskeletal and intracellular signaling proteins [36,37].

In this study of 89 primary and 34 recurrent GCTB cases we show that significant downregu-
lation of Cx43 protein correlates with reduced progression free survival (PFS) and advanced
clinico-radiological stages in GCTB. Furthermore, in cultured primary GCTB stromal cells miss-
ing Cx43 phosphorylation and reduced cell membrane localization are linked with significantly
decreased gap junction cell coupling compared to bone marrow stromal cells or HDFa fibro-
blasts as a control. Our results suggest that reduced Cx43 expression and cell coupling in neo-
plastic stromal cells can contribute to pathological phenotype and clinical progression of GCTB.

Materials and Methods

GCTB samples and tissue microarray construction

Surgically removed 131 GCTB samples of 123 patients diagnosed between 1994 and 2005 at the
Laboratory of Experimental Oncology, Institute of Orthopaedics Rizzoli, Bologna, Italy, either
as primary (89 patients; 72.4%), or recurrent (34 patients; 27.6%) tumors, were tested. Tissue
samples were fixed in 10% formalin and embedded routinely into paraffin wax. The mean age of
70 female (56.9%) and 53 male (43.1%), patients was 32.46 years (median: 30.00 years; min-
max: 5-76, interquartile range: 22-38 years). According to the radiological grading by Campa-
nacci et al. (1987)[38], which correlated well with the clinical staging of Enneking (1986)[39], 39
cases were grade-1/latent (31.7%), 33 cases were grade-2/active (26.8%), and 51 cases were
grade-3/aggressive (41.5%) GCTB. Of the 123 non-matched cases 93 were continuously disease
free, 19 recurred, 5 were alive with mestastatic disease and 6 died related to GCTB—for details
see Table 1. The mean PFS was 67.35 months (median: 72 months, min.-max:0-157). This
study was approved by the Institutional Ethical Review Boards of the Rizzoli Institute (13351/5-
28-2008) and the Semmelweis University (#87/2007). Written informed consent, included in
the clinical chart, was obtained from all adult patients or from parents/guardians for minors,
which procedure was also approved by both Institutes’ Ethics Committees.

Duplicate tissue cores of 2 mm in diameter were collected from the paraffin blocks into tis-
sue microarrays (TMA) from the osteoclast rich regions of GCTB cases selected based on the
relevant haematoxylin and eosin (HE) stained slides using the TMA Master instrument
(3DHISTECH, Budapest, Hungary).

Isolation and growing of primary GCTB stromal cells in culture

Fresh GCTB tissues and bone marrow were obtained from the Department of Orthopaedics,
Semmelweis University, Budapest. Primary stromal cells could be isolated and cultured from 4
(2 females and 2 males) out of 7 primary GCTB cases and bone marrow stromal cells from 3
healthy control patients. All reagents where not indicated otherwise were from Sigma-Aldrich
(St. Louis, MO). Tissue samples were macerated using sterile scalpel blades in alpha minimum
essential medium (o-MEM; Lonza, Wokingham, UK) supplemented with 10 mM L-glutamine
(Gibco, Life Technologies, Carlsbad, CA), 100 U/ml penicillin, and 10 pg/ml streptomycin. Tis-
sue fragments of ~2 mm were digested at 37°C in 5% atmospheric CO, for 30-60 min under
gentle shaking in a-MEM containing 0,7 mg/ml collagenase I, 0,5 mg/ml deoxyribonuclease,
and 0,04 mg/ml hyaluronidase, previously filtered through a sterile 0,33 um mesh Durapure
PVDF (Millipore, Billerica, MA).Tissue suspensions were filtered in a cell strainer of 100 pm
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Table 1. Clinical course of GCTB cases studied.

Type of progression

-Alive with metastatic disease

-Continuously disease free

-Relapsed tumor with disease free
clinical course

-Dead related to GCTB

-Dead by other cause

-Local recurrence or metastasis in
the course of disease

-Total
doi:10.1371/journal.pone.0125316.t001

Clinical disease course Number (%) of patients/  Localization
subcategory

-Bone metastasis 1(0.8)

-Lung metastasis 3(2.4)

-Primary tumor 69 (56.1)

-Relapsed tumor continuously disease free 24 (19.5)

-1%! recurrence with complicationon the day of surgery 1(0.8) sacrum

-Primary tumor with consecutive o malignant sarcoma then 34 1 (0.8) proximal humerus

4™M_5™ |ung metastases (right)

-13! recurrence with consecutive 2™ local recurrence 3™ local 1(0.8) sacrum

malignant transformation and 4" local relapse

-Primary tumor with 2" relapse, 3™ malignant sarcoma and 4™ 1 (0.8) sacrum

5™ recurrences

-Primary tumor with consecutive malignant transformation & lung 1 (0.8)
metastasis

-18! recurrence with consecutive 2" and 3" local recurrences, 4" 1 (0.8)
malignant transformation and 5" local recurrence

-Primary tumor with a consecutive 2" local recurrence, then ictus 1 (0.8)

by stroke
-Consecutive 1x relapse/ local recurrence until follow up 12 (9.8)
-2x relapses/local recurrences until follow up (4 primary tumors; 6 (4.9)

one 1%%-recurrence and 3"—recurrence)

-Primary tumor with 15! lung metastasis, 2" local recurrence until 1 (0.8)
follow up

123

femur (right)

humerus (left)

pore size (BD Biosciences, Franklin Lakes, NJ), centrifuged at 1000 rpm for 15 min at 4°C and
resuspended in supplemented o-MEM (see above) containing 10% fetal calf serum (FCS),
transferred to 25 cm? vented cell culture flasks (Corning Inc., Corning, NY) and maintained at
37°C in 5% atmospheric CO, for 30-60 min. After 24 h incubation, the cell culture medium
was replaced with fresh supplemented o-MEM, which was renewed every 2-3 days, until cell
confluency. Brief digestion in 0,01% trypsin and 0,05% EDTA (both from Gibco) released
mononuclear cells, which were resuspended and grown in FCS containing supplemented o-
MEM. Following several passages, both the multinucleated giant cells (remained in the flasks)
and monocytes (died by apoptosis) were eliminated from the GCTB stromal cell culture, which
was then used for in situ and in vitro protein and mRNA assays. Human dermal fibroblast
(HDFa) were obtained from the European Collection of Cell Cultures (Salisbury, Wiltshire,
UK) and grown in Dulbecco’s Modified Eagle’s Medium of high glucose content.

Multiple fluorescent in situ hybridization (FISH)

For verifying isolated GCTB stromal cells, numerical chromosomal and telomeric alterations
were detected using a set of centromeric alpha satellite probes labeled with “Spectrum dyes” for
chromosomes X (light blue), 3 (red), 4 (green), and 6 (red+green = yellow) in the same FISH
reaction, and 11p subtelomeric (green) and chromosome 11 centromeric (red) probes in a sep-
arate test using Vysis probes (Abott, Des Plaines, IL) and cell nuclei were stained using DAPI,
as described before [17]. Coveslip mounted samples were digitalized using 5 Z-layers of 0.6
mm difference in each of the 4 color channels using Pannoramic Scan (3DHISTECH).
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Immunohistochemistry and -cytochemistry

For immunostaining 4 pm thick TMA sections were cut and mounted onto charged adhesive
slides (SuperFrost Ultra Plus, Thermo-Erie Sci., Budapest, Hungary). Antigen retrieval was
done by boiling dewaxed slides in a microwave oven (Whirlpool, TJ366, Benton Harbor, MI) at
800W in 800 ml buffer containing 0,1 M Trisbase and 0,01 M ethylenediamine-tetraacetic acid
(Tris-EDTA), pH 9.0, for 40 min. For antigen detection the NovoLink (Leica-NovoCastra,
Newcastle Upon Tyne, UK) kit was used. Briefly, the sections were treated in a humidity cham-
ber using rabbit anti-Cx43 (1:100, code: #3512, Cell Signaling, Danvers, MA) or monoclonal
mouse anti-CD163 (1:200, clone:10D6, Thermo-LabVision, Fremont, CA) antibodies over-
night; then with the post-primary reagent for 20 min and finally with the horseradish peroxi-
dase-coupled NovoLink polymer for 40 min. The #3512 antibody recognizes regions Ser369,
Ser372 and Ser373 on Cx43 protein based on PhosphocytePlus database (www.phosphosite.
org). Cell cultures were also immunostained for Cx43 after fixation for 10 min in 4% formalde-
hyde and permeabilization in 0.1 M Tris-buffered saline pH 7.4 (TBS) containing 0,05% Tween
20 (TBST). Peroxidase activity was revealed using diaminobenzidin (DAB)-hydrogen peroxide
under microscopic control. For double immunoflourescence, TMA sections pretreated as
above were simultaneusly incubated with rabbit anti-Cx43 antibody (1:100, see above) com-
bined either with monoclonal mouse anti-CD163 (1:200, see above), or anti-o-smooth muscle
actin (a-SMA; 1:2, ready-to-use, clone:1A4; Dako, Glostrup, Denmark) overnight followed by
Alexa Fluor 564 goat anti-rabbit IgG (1:200, red; code: A11035) and Alexa Fluor 488 goat anti-
mouse IgG (1:200, green;code: A11001), for 60 min. Cultured HDFa fibroblasts, bone marrow
stromal cells and primary GCTB stromal cells were also simultaneosly immunostained using
rabbit anti-Cx43 (1:100, see above) and monoclonal mouse anti-vimentin (1:2, ready-to-use;
clone:V9, Dako) detected with the same fluorochome combination as above. Cell nuclei

were stained using Hoescht (blue). All fluorescence reagents were from Invitrogen/-Life
Technologies (Eugene, OR). Both brightfield and fluorescence immunoreactions were digita-
lized with Pannoramic Scan using 3-5-layers for revealing the frequently <1um diameter
connexin plaques.

Scoring of immunoreactions

Osteoclast rich areas were analyzed in digital slides using software tools from 3DHISTECH.
Cx43 and CD163 immunoperoxidase reactions were evaluated by two experts on a 9-tier scale
using the TMA module software by considering the frequency of positive mononuclear cells.
Score 0: < 2%; +1: 3-5%; +2: 6-10%; +3: 11-20%; +4: 21-30%; +5: 31-40%; +6: 41-50%; +7:
51-60% and +8: >60 positive cells. Immunofluorescence signals were semiquantitatively mea-
sured with the HistoQuant software. Percent of colocalization of Cx43 with CD163 monocytes/
macrophages or with SMA positive stromal cells was determined by image segmentation of the
red signal (Cx43) and the green signal (CD163 or SMA) in separate layers, then testing the
amount of red signals under the green area in a third layer. When comparing Cx43 expression
in GCTB nests and adjacent reactive stroma, both the Cx43 positive region and the number of
Cx43 plaques were determined. Each type of immunofluorescence measurement was done in 8
primary GCTB cases with obvious CD163 positive cell fraction, SMA positive cells, or tumor
nests, respectively by testing at least 3 areas in each sample. Intracellular distribution of Cx43
in primary GCTB stromal cells, bone marrow stromal cells and HDFa fibroblasts was com-
pared by testing 10 high power (x40) images of immunofluorescence labelled cell cultures from
3 parallel samples using the Image J 1.48v software (NIH, Bethesda, MD). Cx43 positive pla-
ques along cell membrane areas were selected, measured and their proportions calculated to
the whole Cx43 positive area within annotations.
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Protein extraction, dephosphorylation and western immunoblot

For protein extraction cells were washed in PBS and collected using cell scraper after adding
250 pl extraction buffer containing 20 mM Tris, 2 mM EDTA, 150 mM NaCl, 1% Triton-X
supplemented with 10 pl/ml phosphatase inhibitor and 5 pl/ml proteinase inhibitors. The pellet
was lysed for 30 min on ice in 1.5 ml Eppendorf tubes, then cleared by centrifugation at 4°C
and 12 000 rpm for 15 min. The extracts were mixed with 5x Laemmli sample buffer contain-
ing 5% 2-mercaptoethanol (BioRad, Philadelphia, PA) and heated to 95°C for 5 min. Protein
concentration was determined using the Bradford assay (BioRad). For phosphatase treatment
an extraction buffer containing 20 mM Tris, 150 mM NaCl and 1% Triton-X was used. Protein
extracts were treated with 20 pg of 5 units bovine intestinal alkaline phosphatase (Sigma, code:
P0114) suspended in 25 pl of pH 7,9 buffer containing 100 mM NaCl, 50 mM Tris, 10 mM
Mg,Cl and 1 mM DTT (Dithiotreitol) at 30°C for 30 min.

All reagent for Western blots were from BioRad, if not specified otherwise. Equal amounts
of 20 g proteins were loaded and run in 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) at 180V for 1h. Proteins were then transferred into Immobilion-P ni-
trocellulose membrane (Millipore) at 75 mA and 4°C overnight. Membranes were incubated
overnight at 4°C using the same rabbit anti-Cx43 antibody as above, diluted in 1:500 in TBST
containing 3% non-fat milk, washed again, and finally treated for 60 min, at room temperature
with horseradish peroxidase conjugated goat anti-rabbit immunolobulins (1:1000; code:7074,
Cell Signaling). For loading control, rabbit anti-human B-actin (1:2000; code:4970, Cell Signal-
ing) antibody was used for 60 minutes. Final detection was done using Super Signal West Pico
ECL reagent (code:34080; Pierce, Rockford, IL) for 10 min. The molecular mass of specific
bands was determined by comparing to the Precision Plus Protein Standard run on the same
gels. Densitometric analysis of the immunoblots was done using the Molecular Imaging Soft-
ware 4.1 of Kodak Image Station 4000 MM (Kodak, Rochester, NY) and Image J 1.48v.

Total RNA isolation, cDNA synthesis and quantitative RT-PCR

Total RNA was isolated from cultured cells using an RNA isolation kit (Qiagen, West Sussex,
U.K.) as recommended by the manufacturer. The isolated samples were treated with RNase-
free DNase (Qiagen) to remove genomic DNA. Total RNA concentration and purity were mea-
sured at OD260 and OD260/280 ratio determined with NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Tech., Rockland, Del). One ug RNA was reverse-transcribed into double-
stranded cDNA using High Capacity cDNA Reverse Transcription Kit (Thermo-Fisher/
Applied Biosystems, Foster City, CA). TagMan real-time PCR assay (Applied Biosystem) was
performed in triplicates. Each reaction mixture contained 2pl cDNA mixed with 7 ul PCR
grade water, 10 ul 2x TagMan Universal PCR Master Mix, 1pl 20x PrimeTime qPCR assay kit
(IDT, Coralville, IA) including forward and reverse primers and ZEN Double-Quenched FAM
probes (Table 2). Parallel assays were done by detecting B-actin for normalization. PCR

Table 2. Primer and probe sequences used for real-time PCR.

Gene
GJA1

B-actin

doi:10.1371/journal.pone.0125316.1002

Primer/Probe Sequence (5°-3’)

Forward GTACTGACAGCCACACCTTC

Reverse ACTTGGCGTGACTTCACTAC

Probe /56-FAM/AGGCAACAT/ZEN/GGGTGACTGGAGC/3IABKFQ/
Forward CCTTGCACATGCCGGAG

Reverse ACAGAGCCTCGCCTTTG

Probe /56-FAM/TCATCCATG/ZEN/GTGAGCTGGCGG/3IABKFQ/
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reactions were performed using StepOne Plus PCR instrument (Applied Biosystem) under the
following parameters: 50°C for 2 min, 95°C for 5 min and 40 cycles at 95°C for 15 sec and 60°C
for 1 min. After amplification, data of independent runs were analysed with the StepOne Plus
Software v2.0.

Testing of cell coupling using dye transfer and flow cytometry

In dye transfer assay donor cells were simultaneously loaded with 9 uM Dil (1,1’-dioctadecyl-
3,3,3’-tetra-methylin-dodicarbocyanine) and 0,5 pM Calcein AM (Calceinacetoxymethyl ester)
diluted in PBS and incubated for 30 minutes at 37°C in 5% atmospheric CO, [40]. Double-
labelled cells were centrifuged at 1000 rpm for 10 min and washed 3x3 in PBS, and then
co-cultured with unlabeled recipient cells of the same type at a ratio of 1:10 in FCS supple-
mented with a-MEM (see above) and incubated at 37°C in 5% atmospheric CO, for 5 h. Then
cells were released using 0,01% trypsin and 0,05% EDTA, centrifuged at 1000 rpm for 10 min
and diluted in PBS. The proportions of single Calcein labelled recipient cells indicating the
range of direct cell-cell communication were measured in three independent experiments each
case using dual channel flow cytometry (Gallios, Beckman Coulter, Carlsbad, CA).

Statistical analysis

The SPSS 15.0 software was used (SPSS Inc., Chicago, IL) for all statistical tests. Correlations
between the scores of the two assessors (TK and PB) were compared both with the Spear-
man’s-rank test and the inter-rater Cohen’s kappa (k) test. In case of duplicates the higher
scores were taken. The relationship between Cx43 expression and clinicoradiological stage
(latent<active<aggressive) were analysed using the non-parametric Johnkeer-Terpstra test for
ranked variables followed by pairewise Mann-Whitney U test using a Bonferroni or Holm-
Hochberg correction for multiple testing. The potential link between Cx43 scores in primary
vs. recurrent GCTB were also analyzed with the Mann-Whitney U test.

Univariate Cox proportional hazard regression analysis and log-rank-test were used to as-
sess the relationship between Cx43 levels with GCTB prognosis/clinical course. Survival curves
were shown in Kaplan-Meier plots. For PES, the time elapsed between tumor excision and the
first consecutive event (see Table 1) was considered in 123 surgical cases after neglecting
matched recurrences (8 cases). Univariate Cox regression analysis was used for testing correla-
tions between Cx43 expression and PFS. For multivariate Cox regression, the analysis was ad-
justed for gender, age at diagnosis, grade, localization (upper limb, lower limb, central) and
first treatment at IOR categorized as curettage, resection/amputation, or radiotherapy.

For testing correlations between the Cx43 positive cell fractions in tissue sections, the com-
partmental distribution of Cx43 in cell cultures and when comparing Cx43 mRNA and protein
levels in in vitro techniques the independent samples t-test was used. If not otherwise noted, di-
agrams show statistical significance at p<0.05 and standard deviation (SD).

Results
Clinicopathological correlation of Cx43 expression in GCTB

Image analysis of double immunofluorescence labeling revealed that significantly more Cx43
reaction belonged to the CD163 negative neoplastic stromal cells (81,7%, SD:+12.56%) than to
CD163 positive monocyte/marcophages (p<0.001) (Fig 1A-1C). a-SMA positive stromal
cells were linked to significantly less Cx43 (32,6%; SD:+13.4%) than a-SMA negative cells

(p =0.017) (Fig 1D). Cx43 plaques were rarely seen in osteoclasts, but were detected in mono-
nuclear cells, some of which were partly engulfed by giant cells (Fig 1E). The distribution of
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Fig 1. Immunofluorescence detection of Cx43 (red; a-e) along with CD163 (green; a-c) or a-smooth muscle actin (a-SMA, green; d) for defining
Cx43 positive cell fractions (f and g) in giant cell tumor of bone. Cx43 positive mononuclear cells rarely co-localize with the monocyte/marcophage
marker CD163 (a). Automated image segmentation (HistoQuant) highlights Cx43 in orange and CD163 in greeen in separate layers (b) and a 3" layer is
used to count red Cx43 signals in green cells (arrowheads) (c). Cx43 signals (see double and single labeled insets) are more frequent in a-SMA deficient
(upper panel), than in strongly a-SMA positive cells (d; lower panel, non-specific signals in red blood cells are encircled). Cx43 plaques are linked to
mononuclear cells-some are partly engulfed by an osteoclasts (arrow)- and not directly to giant cells (e). Diagrams showing significant differences in Cx43
positive mononuclear cell fractions counted using HistoQuant image analysis (f and g). Cell nuclei are stained blue using Hoescht. Scale bar on a represents

30 umona,bandd;and 15umoncande.

doi:10.1371/journal.pone.0125316.g001

Cx43 immunoreaction within mononuclear cell populations in GCTB is summarized in Fig 1F
and 1G.

Immunoperoxidase reactions in osteoclast rich areas of GCTB TMA sections were used to
score the percentage of Cx43 positive mononuclear cells, which were round or spindle-shaped
(Fig 2A and 2B). Scoring results between assessors showed high correlation either using the
Spearman’s rank test (rho = 0.805, p<0.001) without, or the interrater Cohen’s kappa test, with
thresholding, i.e. comparing groups scoring 0-3 (negative) to those scoring 4-8 (positive, see
later) (x = 0.735, 95% CI 0.612-0.858, p<0.001). Pre-existing osteoblast cell layers surrounding
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Fig 2. Imnmunoperoxidase (a-c) and immunofluorescence (d-e) detection in osteoclast rich areas and surrounding stroma (f and g), and
clinicopathological correlations of Cx43 protein levels (h and i) in giant cell tumor of bone. Examples of tumors with moderate (a; score 3) and high (b;
score 8) Cx43 levels in mononuclear cells. Strong Cx43 reaction in the preexisting osteoblast layer around bone spicules and in osteocytes (arrowhead) (c).
A tumor nest and adjacent ring of reactive stroma are annotated separately for counting Cx43 (Alexa564, red) plaques (d; OC-osteoclasts). Higher power of
(d) with osteoclasts encircled (e). Digital image segmentation highlights Cx43 plaques in orange for automated counting (f). Both the Cx43 positive area
fraction (g) and the number of Cx43 positive plaques (h) are significantly reduced within tumor nests (p<0.01). Cx43 levels are also significantly reduced in
aggressive vs active and in aggressive vs latent clinicoradiological tumor stages (i). Scale bar on (a) represents 30 umon a, b and ¢; 80 umond, 30 umon e

and 15 umonf.

doi:10.1371/journal.pone.0125316.g002

bone spicules and osteocytes inside bone were also strongly Cx43 positive (Fig 2C). Semiquan-
titative image analysis showed that Cx43 protein levels were significantly reduced in osteoclast-
rich tumor nests compared to the adjacent reactive stroma (Fig 2D-2F). This related both to
the percentage of Cx43 positive area (p<0.001) (Fig 2G) and the number of Cx43 plaques (Fig
2H) in 1 mm® of 4 um thick tumor sections (p = 0.0016).

Apart from a negative trend (U = 1277, Z = -1.363, p = 0.173) there was no significant
link between Cx43 levels and the frequency of GCTB recurrences. However, Cx43 expression
showed an inverse link with the clinico-radiological tumor stage. The correlation was signifi-
cant between latent and aggressive tumors (p = 0.002) after Bonferroni correction (p<0.0167),
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Fig 3. Kaplan-Meier plots of univariate Cox regression analysis of Cx43 immunoscores in giant cell tumor of bone. An increased hazard of
progression (reduced PFS) is linked to scores 1-3 vs 4—8 (arrow) separating patient number around the median, Nggore1-3 = 60 (48.8%), Ngcores-s = 63
(51.2%) (a). Log-rank test proves significantly reduced progression free survival (PFS) in tumors presenting low (scores 1-3) vs high (scores 4-8) Cx43
protein levels (b).

doi:10.1371/journal.pone.0125316.9003

and both in this relation and between active and aggressive tumors (p = 0.018) after the less
strict (p<0.025) Holm-Hochberg correction (Fig 21).

Univariate Cox proportional hazard regression analysis showed a relevant increase in the
hazard of progression between scores 3 and 4 (score 1 vs Score 3: HR = 0.505, 95% CI 0.064-
3.967; *p = 0.516; score 2 vs score 4: HR = 0.226, 95% CI 0.025-2.030; *p = 0.184). This separat-
ed patient number around the median, i.e. Ny ore1.3 = 60 (48.8%), Ncorea-s = 63 (51.2%) and
thus was choosen as a threshold between negative (scores 1-3) and positive (scores 4-8) cases
in all statistics (Fig 3A). Based on this threshold Cx43 expression showed a significant positive
correlation with progression free survival (HR = 0.430, 95% CI 0.201-0.918; p = 0.029). This
was confirmed with the log-rank test (2 = 5.073, df = 1, log-rank p = 0.024) shown in a
Kaplan-Meier plot (Fig 3B). Adjusting for age at diagnosis, gender, grade, localization and sur-
gical treatment in the multivariate Cox regression analysis, higher Cx43 expression was signifi-
cantly associated with a further reduced hazard of clinical progression (HR = 0.411, 95% CI
0.187-0.903; p = 0.027). There was an invesre but non-significant trend between CD163 posi-
tive mononuclear cell fractions and PFS of GCTB cases (log-rank p = 0.167).

Connexin43 in primary GCTB stromal cell cultures

Neoplastic nature of primary GCTB stromal cells was confirmed by their diverse polysomy and
individual cell aneusomy tested with multiple FISH (Fig 4). They were herterogeneous in size
and shape (Fig 5A), and showed paranuclear concentration of Cx43 signals highlighting the en-
doplasmic reticulum-Golgi region (Fig 5A-5C). Immunofluorescence and image analysis re-
vealed significantly more membrane bound Cx43 in cultured HDFa fibroblasts (p<0,01) and
bone marrow stromal cells (p<0,05) than in primary GCTB stromal cells (Fig 5D-5H).
Quantitative RT-PCR showed significantly reduced Cx43 expression in primary GCTB stro-
mal cells compared to either of the control cells (p<0.01) (Fig 5I). This was also confirmed at
the protein level in Western blots (Fig 5] and 5K). Cx43 reaction demonstrated two alkaline
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Fig 4. Examples of numerical chromosomal and telomeric alterations in GCTB stromal cells of male patients. Centromeric 3 (red), 4 (green), 6
(yellow) and X (light blue) signals show different levels of polysomy. Chromosome 4 trisomy in a cell disomic for the rest (3,6 and X) of the tested
centrosomes (b) and chromosome 11 subtelomeric loss and tetrasomy in a cell of another case (c). Scale bar on a represents 5 um; and 2.5 ymonb and c.

doi:10.1371/journal.pone.0125316.g004

phosphatase sensitive extra bands in HDFa fibroblasts and bone marrow stromal cell isolates
which were missing from GCTB stromal cells.

Dye coupling for testing direct cell-cell communication through gap
junctions

A dye coupling assay mixing Dil (red) and calcein (green) double labelled donor cells with
unlabelled recipient cells was used to assess cell-cell communication through gap junction
channels with flow cytometry (Fig 6A and 6B). The transfer of calcein dye into recipient cells
(green fluorescing cells) indicating cell coupling through gap junctions, was found significantly
reduced (~7-fold; p<0.001) in isolated primary GCTB stromal cell cultures compared to con-
trol cell cultures (Fig 6C-6E).

Discussion

In this study we reveal that decreased Cx43 expression is significantly associated with reduced
PFES and advanced clinico-radiological tumor stages in a large cohort of primary and recurrent
GCTB cases. In primary cultures of neoplastic GCTB stromal cells, significantly reduced Cx43
expression, missing phosphorylation and reduced cell membrane localization was associated
with decreased cell coupling through gap junctions compared to bone marrow stromal cells
and HDFa fibroblasts as a control. Our results suggest that compromised direct cell-cell com-
munication in neoplastic stromal cells can contribute to aggressive disease phenotype and
worse patient outcome in GCTB.

Cx43 gap junctions play a fundamental role in bone development and remodelling by meta-
bolically coupling bone forming cells and promoting cell survival-related (anabolic) gene ex-
pression [32,41]. They are involved in the regulation of osteoblast proliferation, differentiation
and in propagating signals either induced by soluble factors or mechanotransduction and
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Fig 5. Detection of Cx43 levels and the subcellular distribution of Cx43 protein in primary GCTB stromal cell, bone marrow stromal (BM) cell and
HDFa fibroblast cultures. Immunoperoxidase reaction reveals paranuclear clumps of Cx43 protein in the frequently binucleated neoplastic GCTB stromal
cells (arrows) (a). Significantly less Cx43 is linked to cell membranes in GCTB stromal cells than in the control cells as tested using immunofluorescence (b-g;
red) and digital image analysis (b). Arrowheads highlight characteristic localization of Cx43 in the endoplasmic reticulum-Golgi region in GCTB stromal cells
(b and c, identical areas) and in cell membranes in HDFa fibroblasts (d and e, identical areas). Cx43 is dispersed throughout bone marrow stromal cells
including cell membranes (f and g, identical areas). Vimentin reaction in b, d and f (green) highlights cell shape, while black and white images of identical
areas (c, e and g) better reveal subcellular localization of Cx43. Cx43 transcript and protein levels detected using RT-PCR (i) and western blots (j),
respectively. In western blots, control cells but not GCTB stromal cells show alkaline phosphatase sensitive bands (P1 and P2). Results in graphs show the
mean + standard deviation of three independent experiments. For blue nuclear staining hematoxylin (a) and Hoescht (b and d and f) were used. Scale bar on
arepresents 20 ym;and 10 umonb, ¢,d, e,and 15 umonfand g.

doi:10.1371/journal.pone.0125316.9005

nutrients between osteoblasts and osteocytes [42]. In addition, Cx43 channels in bone marrow
stromal cells contribute to the maintenance of quiescence and survival of hematopoetic
stem cells and they also support the trans-stromal migration and homing of stem cells after
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Fig 6. Dye coupling test for measuring potential communication through gap junctions with flow cytometry. Scheme on the principle of the technique
(a). Unlabelled cell are mixed with double dye labelled cells (orange) of the same kind at a ratio of 10:1 (a-b). Calcein (Mw:622 Da, green), after esterase
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membranes (b). The proportion of single calcein labelled cells measured with flow cytometry (B+-, lower right box) indicating dye coupling, is significantly
higher (p<0.001) in the control cell cultures (c) than in GCTB stromal cell cultures (d). Diagram showing the mean * standard deviation of dye transferin 3
independent experiments using stromal cells isolated from 3 patients (e). Scale bar on b represents 20 um.

doi:10.1371/journal.pone.0125316.9006

cytoablation [31,43,44]. Thus, within bone and marrow, Cx43 channels permit the coordina-
tion of functions in syncytia formed by osteogenic cells and hematopoetic stroma.

Alterations of Cx43 expression and functions modulate osteoblast gene expression [45]. In
mice, induced GJA1 gene ablation or ODDD-like point mutations result in an osteopenic phe-
notype due to osteoblast dysfunction and elevated osteoclastogenesis via reduced osteoprote-
gerin production [1]. This suggests that single amino acid substitution can turn a fraction of
Cx43 membrane channels dysfunctional. Reduced number of Cx43 cell membrane channels,
we detected in GCTB stromal cells, may result in a similar situation by possibly affecting both
gap junction and connexin hemichannel functions that are fundamental to bone homeostasis.
Bisphosphonates, antiosteolytic drugs which inhibit osteoclast activity, can reduce osteoblast
and osteocyte apoptosis too by acting through Cx43 hemichannels [9,46]. Therefore,
promoters of Cx43 expression and cell membrane trafficking could likely to support the anti-
osteoclastogenic effect of bisphosphonates in GCTB therapy.

The cortical expansion of GCTB, which defines staging, can be linked to the magnitude of
osteolysis [5]. In mouse models, insufficient Cx43 membrane channel functions can contribute
to elevated osteolysis and impaired bone remodeling through deficient osteoblast maturation,
transcellular signaling and osteoprotegerin production [1]. Therefore, the significant correlations
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between declining Cx43 levels and aggressive phenotype and worse PFS may be associated with
a progressively reduced control on osteoclastogenesis by osteoblast-like stromal cells. However,
in GCTB stromal cells, this needs further studies e.g. by testing the expression of pro- and osteo-
clastogenic cytokines after conditional modulation of Cx43 expression and/or cell membrane
trafficking.

In culture, we first verified the neoplastic nature of the isolated GCTB stromal cells by their
wide range of polysomy and individual cell aneusomy using multiple FISH [17]. The difficulties
in finding the “normal” counterpart for GCTB stromal cells led us to use both bone marrow
stromal cells and HDFa fibroblasts for controls. Cultured GCTB stromal cells showed accumu-
lation of Cx43 protein in the endoplasmic reticulum-Gogi-region rather than in the cell mem-
brane and lack of Cx43 phosphorylation compared to either control cell type. Phophorylation
of Cx43 plays essential roles in the postranslational regulation of Cx43 channel assembly,
trafficking, degradation and channel permeability [47,48]. In the control cells, alkaline phos-
phatase sensitive extra bands (P1 and P2) in Western blots provided evidence for Cx43 phos-
phorylation at two of the serine residues (Ser369, Ser372 or Ser373) detectable by our antibody.
Phophorylation of Ser369 and Ser373 by Akt is known to promote the interaction between
Cx43 and 14-3-3 and the forward trafficking and stabilization of Cx43 gap junctions [49,50]; or
by PKA supports gap junction assembly and communication [51,52]. Therefore, the missing
phophorylation of Cx43 protein may be linked to its impaired cell membrane trafficking and
reduced gap junction coupling in neoplastic GCTB stromal cells. Since GJA1 mutations are ab-
sent even in malignant tumors, posttranslational effects, which require clarification, can be rea-
soned behind this defective phosphorylation.

Cx43 is thought to be ubiquitously expressed and involved in the function of all bone cells
including osteoblasts, osteocytes and osteoclasts [1]. CD163 is an anti-inflammatory hemoglo-
bin scavenger receptor on monocytes/macrophages not expressed in giant cells [53]. We de-
tected significantly more Cx43 in CD163 negative stromal cells than in CD163 positive
monocytic cells. In agreement with this, Cx43 is known to co-ordinate multicellular functions
in mesenchymal stem cells and their progeny including osteoblasts, bone marrow stromal cells
and stromal fibroblasts [31,32,54]. Primary monocytes and macrophages and their cell lines
utilize Cx43 channels less, except during inflammation and tissue repair [55]. Since CD163
positive mononuclear cell fractions did not correlate significantly with PES, Cx43 levels within
CD163 negative stromal cell fractions may determine GCTB prognosis. The high Cx43 levels
in the pre-existing osteoblast layer around bone spicules and in osteocytes, we detected in
GCTB tissues, support the potential co-operation of these cell types [32]. This finding also
served as a positive reaction control in this study. Cx43 protein in association with osteoclasts
was observed only where adjacent mononuclear cells were present. Thus, the Cx43 plaques in
mononuclear cells partly engulfed by osteoclasts, were most likely monocytes fusing with oste-
oclasts. This is in line with reduced multinuclearity of giant cells in response to inhibiting Cx43
coupling, suggesting that direct cell-cell communication is also concerned with monocyte fu-
sion to osteoclasts [56].

Alpha-SMA positivity can be frequently seen in primary bone tumors including GCTB [57].
It is most probably related to the myofibroblastic differentiation and migratory phenotype of
stromal cells. Here we show reduced Cx43 levels in o-SMA positive compared to the o-SMA
negative GCTB stromal cells, which is in line with published data on decreasing Cx43 expres-
sion during myofibroblast differentiation [58-60]. Initially, Cx43 gap junctions are essential
for this transition since fibroblasts with ODDD-like Cx43 mutations are inefficient to express
0-SMA [61]. Also, Cx43 channels mediate TGF-f signaling, which can drive fibroblast to myo-
fibroblast differentiation [62]. Thus, reduced cell membrane Cx43 channels in GCTB stromal
cells seem to be enough to contribute to the initiation of this process.
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In conclusion, induced GJA1 mutations and compromised Cx43 channel functions are
known to result in impaired bone development. In GCTB, we found significantly reduced
Cx43 expression in association with more aggressive tumor phenotype and worse disease prog-
nosis. In culture, neoplastic stromal cells isolated from GCTB showed lack of phosphorylation
and reduced cell membrane localization of Cx43 protein and gap junction coupling compared
to either primary bone marrow stromal cells or HDFa fibroblasts. Our data suggest that dysre-
gulated Cx43 channels can contribute to the clinical progression of GCTB. Therefore, promot-
ers of Cx43 expression and cell membrane trafficking would likely to moderate GCTB outcome
and promote the antiosteolytic effect of bisphosphonates in GCTB therapy.

Acknowledgments

The authors are grateful to Miklos Szendroi, Karoly Szuhai and Ramses Forsyth for advice and
Edit Parsch, Nora Meggyeshazi and Gergo Kiszner for technical assistance.

Author Contributions

Conceived and designed the experiments: TK ZS. Performed the experiments: PB GB GP. Ana-
lyzed the data: MEM TK BP. Contributed reagents/materials/analysis tools: IA MSB PP. Wrote
the paper: TK BP NAA. Diagnosed GCTB cases and advised the study: PP NAA ZS.

References

1. Watkins M, Grimston SK, Norris JY, Guillotin B, Shaw A, Beniash E, et al. Osteoblast connexin43 mod-
ulates skeletal architecture by regulating both arms of bone remodeling. Mol Biol Cell. 2011; 22:
1240-1251. doi: 10.1091/mbc.E10-07-0571 PMID: 21346198

2. Loiselle AE, Jiang JX, Donahue HJ. Gap junction and hemichannel functions in osteocytes. Bone.
2013; 54: 205-212. doi: 10.1016/j.bone.2012.08.132 PMID: 23069374

3. Plotkin LI, Bellido T. Beyond gap junctions: Connexin43 and bone cell signaling. Bone. 2013; 52:
157-166. doi: 10.1016/j.bone.2012.09.030 PMID: 23041511

4. Paznekas WA, Karczeski B, Vermeer S, Lowry RB, Delatycki M, Laurence F, et al. GJA1 mutations,
variants, and connexin 43 dysfunction as it relates to the oculodentodigital dysplasia phenotype. Hum
Mutat. 2009; 30: 724—733. doi: 10.1002/humu.20958 PMID: 19338053

5. Szendroi M. Giant-cell tumour of bone. J Bone Joint Surg Br. 2004; 86: 5—12. PMID: 14765857

Lau YS, Sabokbar A, Gibbons CL, Giele H, Athanasou N. Phenotypic and molecular studies of giant-
cell tumors of bone and soft tissue. Hum Pathol. 2005; 36: 945-954. PMID: 16153456

7. Knowles HJ, Athanasou NA. Canonical and non-canonical pathways of osteoclast formation. Histol
Histopathol. 2009; 24: 337-346. PMID: 19130404

8. SungHW, Kuo DP, Shu WP, Chai YB, Liu CC, Li SM. Giant-cell tumor of bone: analysis of two hundred
and eight cases in Chinese patients. J Bone Joint Surg Am. 1982; 64: 755-761. PMID: 7045129

9. Balke M, Schremper L, Gebert C, Ahrens H, Streitbuerger A, Koehler G, et al. Giant cell tumor of bone:
treatment and outcome of 214 cases. J Cancer Res Clin Oncol. 2008; 134: 969-978. doi: 10.1007/
s00432-008-0370-x PMID: 18322700

10. Lee MJ, Sallomi DF, Munk PL, Janzen DL, Connell DG, O'Connell JX, et al. Pictorial review: giant cell
tumours of bone. Clin Radiol. 1998; 53: 481-489. PMID: 9714386

11. vander Heijden L, Dijkstra PD, van de Sande MA, Kroep JR, Nout RA, van Rijswijk CS, et al. The clini-
cal approach toward giant cell tumor of bone. Oncologist. 2014; 19: 550-561. doi: 10.1634/
theoncologist.2013-0432 PMID: 24718514

12. Rock MG, Sim FH, Unni KK, Witrak GA, Frassica FJ, Schray MF, et al. Secondary malignant giant-cell
tumor of bone. Clinicopathological assessment of nineteen patients. J Bone Joint Surg Am. 1986; 68:
1073-1079. PMID: 3745247

13. Alberghini M, Kliskey K, Krenacs T, Picci P, Kindblom L, Forsyth R, et al. Morphological and immuno-
phenotypic features of primary and metastatic giant cell tumour of bone. Virchows Arch. 2010; 456:
97-103. doi: 10.1007/s00428-009-0863-2 PMID: 20012988

14. Amanatullah DF, Clark TR, Lopez MJ, Borys D, Tamurian RM. Giant cell tumor of bone. Orthopedics.
2014; 37: 112—120. doi: 10.3928/01477447-20140124-08 PMID: 24679193

PLOS ONE | DOI:10.1371/journal.pone.0125316 May 1, 2015 15/18


http://dx.doi.org/10.1091/mbc.E10-07-0571
http://www.ncbi.nlm.nih.gov/pubmed/21346198
http://dx.doi.org/10.1016/j.bone.2012.08.132
http://www.ncbi.nlm.nih.gov/pubmed/23069374
http://dx.doi.org/10.1016/j.bone.2012.09.030
http://www.ncbi.nlm.nih.gov/pubmed/23041511
http://dx.doi.org/10.1002/humu.20958
http://www.ncbi.nlm.nih.gov/pubmed/19338053
http://www.ncbi.nlm.nih.gov/pubmed/14765857
http://www.ncbi.nlm.nih.gov/pubmed/16153456
http://www.ncbi.nlm.nih.gov/pubmed/19130404
http://www.ncbi.nlm.nih.gov/pubmed/7045129
http://dx.doi.org/10.1007/s00432-008-0370-x
http://dx.doi.org/10.1007/s00432-008-0370-x
http://www.ncbi.nlm.nih.gov/pubmed/18322700
http://www.ncbi.nlm.nih.gov/pubmed/9714386
http://dx.doi.org/10.1634/theoncologist.2013-0432
http://dx.doi.org/10.1634/theoncologist.2013-0432
http://www.ncbi.nlm.nih.gov/pubmed/24718514
http://www.ncbi.nlm.nih.gov/pubmed/3745247
http://dx.doi.org/10.1007/s00428-009-0863-2
http://www.ncbi.nlm.nih.gov/pubmed/20012988
http://dx.doi.org/10.3928/01477447-20140124-08
http://www.ncbi.nlm.nih.gov/pubmed/24679193

@ PLOS | one

Connexin43 in Giant Cell Tumor of Bone

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Forsyth RG, De Boeck G, Bekaert S, De Meyer T, Taminiau AH, Uyttendaele D, et al. Telomere biology
in giant cell tumour of bone. J Pathol. 2008; 214: 555-563. doi: 10.1002/path.2301 PMID: 18278785

Gorunova L, Vult von Steyern F, Storlazzi CT, Bjerkehagen B, Folleras G, Heim S, et al. Cytogenetic
analysis of 101 giant cell tumors of bone: nonrandom patterns of telomeric associations and other struc-
tural aberrations. Genes Chromosomes Cancer. 2009; 48: 583—602. doi: 10.1002/gcc.20667 PMID:
19396867

Moskovszky L, Szuhai K, Krenacs T, Hogendoorn PC, Szendroi M, Benassi MS, et al. Genomic insta-
bility in giant cell tumor of bone. A study of 52 cases using DNA ploidy, relocalization FISH, and array-
CGH analysis. Genes Chromosomes Cancer. 2009; 48: 468—479. doi: 10.1002/gcc.20656 PMID:
19242928

Behjati S, Tarpey PS, Presneau N, Scheipl S, Pillay N, Van Loo P. Distinct H3F3A and H3F3B driver
mutations define chondroblastoma and giant cell tumor of bone. 2013; 45: 1479-1482. doi: 10.1038/ng.
2814 PMID: 24162739

Werner M. Giant cell tumour of bone: morphological, biological and histogenetical aspects. Int Orthop.
2006; 30: 484—489. PMID: 17013643

Steensma MR, Tyler WK, Shaber AG, Goldring SR, Ross FP, Williams BO, et al. Targeting the giant
cell tumor stromal cell: functional characterization and a novel therapeutic strategy. PLoS One. 2013; 8:
€69101. doi: 10.1371/journal.pone.0069101 PMID: 23922683

Lehner B, Kunz P, Saehr H, Fellenberg J. Epigenetic silencing of genes and microRNAs within the im-
printed Dlk1-Dio3 region at human chromosome 14.32 in giant cell tumor of bone. BMC Cancer. 2014;
14:495. doi: 10.1186/1471-2407-14-495 PMID: 25005035

Zheng MH, Xu J, Robbins P, Pavlos N, Wysocki S, Kumta SM, et al. Gene expression of vascular endo-
thelial growth factor in giant cell tumors of bone. Hum Pathol. 2000; 31: 804—-812. PMID: 10923916

Knowles HJ, Athanasou NA. Hypoxia-inducible factor is expressed in giant cell tumour of bone and
mediates paracrine effects of hypoxia on monocyte-osteoclast differentiation via induction of VEGF.
J Pathol. 2008; 215: 56-66. doi: 10.1002/path.2319 PMID: 18283716

Kumta SM, Huang L, Cheng YY, Chow LT, Lee KM, Zheng MH. Expression of VEGF and MMP-9 in
giant cell tumor of bone and other osteolytic lesions. Life Sci. 2003; 73: 1427—1436. PMID: 12850503

Dickson BC, Li SQ, Wunder JS, Ferguson PC, Eslami B, Werier JA, et al. Giant cell tumor of bone ex-
press p63. Mod Pathol. 2008; 21: 369-375. doi: 10.1038/modpathol.2008.29 PMID: 18311114

Lee CH, Espinosa |, Jensen KC, Subramanian S, Zhu SX, Varma S, et al. Gene expression profiling
identifies p63 as a diagnostic marker for giant cell tumor of the bone. Mod Pathol. 2008; 21: 531-539.
doi: 10.1038/modpathol.3801023 PMID: 18192965

Balla P, Moskovszky L, Sapi Z, Forsyth R, Knowles H, Athanasou NA, et al. Epidermal growth factor re-
ceptor signalling contributes to osteoblastic stromal cell proliferation, osteoclastogenesis and disease
progression in giant cell tumour of bone. Histopathology. 2011; 59: 376-389. doi: 10.1111/].1365-2559.
2011.03948.x PMID: 22034878

Horvai AE, Kramer MJ, Garcia JJ, O'Donnell RJ. Distribution and prognostic significance of human telo-
merase reverse transcriptase (hTERT) expression in giant-cell tumor of bone. Mod Pathol. 2008; 21:
423-430. doi: 10.1038/modpathol.3801015 PMID: 18204433

Horvai AE, Roy R, Borys D, O'Donnell RJ. Regulators of skeletal development: a cluster analysis of
206 bone tumors reveals diagnostically useful markers. Mod Pathol. 2012; 25: 1452-1461. doi: 10.
1038/modpathol.2012.110 PMID: 22766796

Antal |, Sapi Z, Szendroi M. The prognostic significance of DNA cytophotometry and proliferation index
(Ki-67) in giant cell tumors of bone. Int Orthop. 1999; 23: 315-319. PMID: 10741513

Krenacs T, Rosendaal M. Connexin43 gap junctions in normal, regenerating, and cultured mouse bone
marrow and in human leukemias: their possible involvement in blood formation. Am J Pathol. 1998;
152: 993-1004. PMID: 9546360

Civitelli R. Cell-cell communication in the osteoblast/osteocyte lineage. Arch Biochem Biophys. 2008;
473:188—-192. doi: 10.1016/j.abb.2008.04.005 PMID: 18424255

Sohl G, Willecke K. Gap junctions and the connexin protein family. Cardiovasc Res. 2004; 62:
228-232. PMID: 15094343

Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer EC. Plasma membrane channels formed by
connexins: their regulation and functions. Physiol Rev. 2003; 83: 1359-1400. PMID: 14506308

Nielsen MS, Axelsen LN, Sorgen PL, Verma V, Delmar M, Holstein-Rathlou NH. Gap junctions. Compr
Physiol. 2012; 2: 1981-2035. doi: 10.1002/cphy.c110051 PMID: 23723031

Zhou JZ, Jiang JX. Gap junction and hemichannel-independent actions of connexins on cell and tissue
functions—an update. FEBS Lett. 2014; 588: 1186—1192. doi: 10.1016/j.febslet.2014.01.001 PMID:
24434539

PLOS ONE | DOI:10.1371/journal.pone.0125316 May 1, 2015 16/18


http://dx.doi.org/10.1002/path.2301
http://www.ncbi.nlm.nih.gov/pubmed/18278785
http://dx.doi.org/10.1002/gcc.20667
http://www.ncbi.nlm.nih.gov/pubmed/19396867
http://dx.doi.org/10.1002/gcc.20656
http://www.ncbi.nlm.nih.gov/pubmed/19242928
http://dx.doi.org/10.1038/ng.2814
http://dx.doi.org/10.1038/ng.2814
http://www.ncbi.nlm.nih.gov/pubmed/24162739
http://www.ncbi.nlm.nih.gov/pubmed/17013643
http://dx.doi.org/10.1371/journal.pone.0069101
http://www.ncbi.nlm.nih.gov/pubmed/23922683
http://dx.doi.org/10.1186/1471-2407-14-495
http://www.ncbi.nlm.nih.gov/pubmed/25005035
http://www.ncbi.nlm.nih.gov/pubmed/10923916
http://dx.doi.org/10.1002/path.2319
http://www.ncbi.nlm.nih.gov/pubmed/18283716
http://www.ncbi.nlm.nih.gov/pubmed/12850503
http://dx.doi.org/10.1038/modpathol.2008.29
http://www.ncbi.nlm.nih.gov/pubmed/18311114
http://dx.doi.org/10.1038/modpathol.3801023
http://www.ncbi.nlm.nih.gov/pubmed/18192965
http://dx.doi.org/10.1111/j.1365-2559.2011.03948.x
http://dx.doi.org/10.1111/j.1365-2559.2011.03948.x
http://www.ncbi.nlm.nih.gov/pubmed/22034878
http://dx.doi.org/10.1038/modpathol.3801015
http://www.ncbi.nlm.nih.gov/pubmed/18204433
http://dx.doi.org/10.1038/modpathol.2012.110
http://dx.doi.org/10.1038/modpathol.2012.110
http://www.ncbi.nlm.nih.gov/pubmed/22766796
http://www.ncbi.nlm.nih.gov/pubmed/10741513
http://www.ncbi.nlm.nih.gov/pubmed/9546360
http://dx.doi.org/10.1016/j.abb.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18424255
http://www.ncbi.nlm.nih.gov/pubmed/15094343
http://www.ncbi.nlm.nih.gov/pubmed/14506308
http://dx.doi.org/10.1002/cphy.c110051
http://www.ncbi.nlm.nih.gov/pubmed/23723031
http://dx.doi.org/10.1016/j.febslet.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24434539

@ PLOS | one

Connexin43 in Giant Cell Tumor of Bone

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Saez JC, Leybaert L. Hunting for connexin hemichannels. FEBS Lett. 2014; 588: 1205—-1211. doi: 10.
1016/j.febslet.2014.03.004 PMID: 24631534

Campanacci M, Baldini N, Boriani S, Sudanese A. Giant-cell tumor of bone. J Bone Joint Surg Am.
1987; 69: 106—114. PMID: 3805057

Enneking WF. A system of staging musculoskeletal neoplasms. Clin Orthop Relat Res. 1986: 9-24.
PMID: 3757379

Oviedo-Orta E, Hoy T, Evans WH. Intercellular communication in the immune system: differential ex-
pression of connexin40 and 43, and perturbation of gap junction channel functions in peripheral blood
and tonsil human lymphocyte subpopulations. Immunology. 2000; 99: 578-590. PMID: 10792506

Lloyd SA, Donahue HJ. Gap Junctions and Biophysical Regulation of Bone Cells. Clin Rev Bone Miner
Metab. 2010; 8: 189-200. PMID: 23762015

Buo AM, Stains JP. Gap junctional regulation of signal transduction in bone cells. FEBS Lett. 2014;
588: 1315-1321. doi: 10.1016/j.febslet.2014.01.025 PMID: 24486014

Schajnovitz A, Itkin T, D'Uva G, Kalinkovich A, Golan K, Ludin A, et al. CXCL12 secretion by bone mar-
row stromal cells is dependent on cell contact and mediated by connexin-43 and connexin-45 gap junc-
tions. Nat Immunol. 2011; 12: 391-398. doi: 10.1038/ni.2017 PMID: 21441933

Gonzalez-Nieto D, Li L, Kohler A, Ghiaur G, Ishikawa E, Sengupta A, et al. Connexin-43 in the osteo-
genic BM niche regulates its cellular composition and the bidirectional traffic of hematopoietic stem
cells and progenitors. Blood. 2012; 119: 5144-5154. doi: 10.1182/blood-2011-07-368506 PMID:
22498741

Li Z, Zhou Z, Saunders MM, Donahue HJ. Modulation of connexin43 alters expression of osteoblastic
differentiation markers. Am J Physiol Cell Physiol. 2006; 290: C1248-1255. PMID: 16319124

Bellido T, Plotkin LI. Novel actions of bisphosphonates in bone: preservation of osteoblast and osteo-
cyte viability. Bone. 2011; 49: 50-55. doi: 10.1016/j.bone.2010.08.008 PMID: 20727997

Axelsen LN, Calloe K, Holstein-Rathlou NH, Nielsen MS. Managing the complexity of communication:
regulation of gap junctions by post-translational modification. Front Pharmacol. 2013; 4: 130. doi: 10.
3389/fphar.2013.00130 PMID: 24155720

Solan JL, Lampe PD. Specific Cx43 phosphorylation events regulate gap junction turnover in vivo.
FEBS Lett. 2014; 588: 1423-1429. doi: 10.1016/j.febslet.2014.01.049 PMID: 24508467

Park DJ, Wallick CJ, Martyn KD, Lau AF, Jin C, Warn-Cramer BJ. Akt phosphorylates Connexin43 on
Ser373, a "mode-1" binding site for 14-3-3. Cell Commun Adhes. 2007; 14: 211-226. PMID: 18163231

Dunn CA, Su 'V, Lau AF, Lampe PD. Activation of Akt, not connexin 43 protein ubiquitination, regulates
gap junction stability. J Biol Chem. 2012; 287: 2600-2607. doi: 10.1074/jbc.M111.276261 PMID:
22139843

Burghardt RC, Barhoumi R, Sewall TC, Bowen JA. Cyclic AMP induces rapid increases in gap junction
permeability and changes in the cellular distribution of connexin43. J Membr Biol. 1995; 148: 243-253.
PMID: 8747556

Yogo K, Ogawa T, Akiyama M, Ishida N, Takeya T. Identification and functional analysis of novel phos-
phorylation sites in Cx43 in rat primary granulosa cells. FEBS Lett. 2002; 531: 132—-136. PMID: 12417300

Etzerodt A, Moestrup SK. CD163 and inflammation: biological, diagnostic, and therapeutic aspects.
Antioxid Redox Signal. 2013; 18: 2352—2363. doi: 10.1089/ars.2012.4834 PMID: 22900885

Asumda FZ, Chase PB. Age-related changes in rat bone-marrow mesenchymal stem cell plasticity.
BMC Cell Biol. 2011; 12: 44. doi: 10.1186/1471-2121-12-44 PMID: 21992089

Chanson M, Derouette JP, Roth |, Foglia B, Scerri |, Dudez T, et al. Gap junctional communication in tis-
sue inflammation and repair. Biochim Biophys Acta. 2005; 1711: 197-207. PMID: 15955304

Schilling AF, Filke S, Lange T, Gebauer M, Brink S, Baranowsky A, et al. Gap junctional communication
in human osteoclasts in vitro and in vivo. J Cell Mol Med. 2008; 12: 2497-2504. doi: 10.1111/j.1582-
4934.2008.00275.x PMID: 18266960

Hemingway F, Kashima TG, Mahendra G, Dhongre A, Hogendoorn PC, Mertens F, et al. Smooth mus-
cle actin expression in primary bone tumours. Virchows Arch. 2012; 460: 525-534. doi: 10.1007/
s00428-012-1235-x PMID: 22543453

Petridou S, Masur SK. Immunodetection of connexins and cadherins in corneal fibroblasts and myofi-
broblasts. Invest Ophthalmol Vis Sci. 1996; 37: 1740-1748. PMID: 8759341

Spanakis SG, Petridou S, Masur SK. Functional gap junctions in corneal fibroblasts and myofibroblasts.
Invest Ophthalmol Vis Sci. 1998; 39: 1320-1328. PMID: 9660479

Baum JR, Long B, Cabo C, Duffy HS. Myofibroblasts cause heterogeneous Cx43 reduction and are un-
likely to be coupled to myocytes in the healing canine infarct. Am J Physiol Heart Circ Physiol. 2012;
302: H790-800. doi: 10.1152/ajpheart.00498.2011 PMID: 22101526

PLOS ONE | DOI:10.1371/journal.pone.0125316 May 1, 2015 17/18


http://dx.doi.org/10.1016/j.febslet.2014.03.004
http://dx.doi.org/10.1016/j.febslet.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24631534
http://www.ncbi.nlm.nih.gov/pubmed/3805057
http://www.ncbi.nlm.nih.gov/pubmed/3757379
http://www.ncbi.nlm.nih.gov/pubmed/10792506
http://www.ncbi.nlm.nih.gov/pubmed/23762015
http://dx.doi.org/10.1016/j.febslet.2014.01.025
http://www.ncbi.nlm.nih.gov/pubmed/24486014
http://dx.doi.org/10.1038/ni.2017
http://www.ncbi.nlm.nih.gov/pubmed/21441933
http://dx.doi.org/10.1182/blood-2011-07-368506
http://www.ncbi.nlm.nih.gov/pubmed/22498741
http://www.ncbi.nlm.nih.gov/pubmed/16319124
http://dx.doi.org/10.1016/j.bone.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20727997
http://dx.doi.org/10.3389/fphar.2013.00130
http://dx.doi.org/10.3389/fphar.2013.00130
http://www.ncbi.nlm.nih.gov/pubmed/24155720
http://dx.doi.org/10.1016/j.febslet.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24508467
http://www.ncbi.nlm.nih.gov/pubmed/18163231
http://dx.doi.org/10.1074/jbc.M111.276261
http://www.ncbi.nlm.nih.gov/pubmed/22139843
http://www.ncbi.nlm.nih.gov/pubmed/8747556
http://www.ncbi.nlm.nih.gov/pubmed/12417300
http://dx.doi.org/10.1089/ars.2012.4834
http://www.ncbi.nlm.nih.gov/pubmed/22900885
http://dx.doi.org/10.1186/1471-2121-12-44
http://www.ncbi.nlm.nih.gov/pubmed/21992089
http://www.ncbi.nlm.nih.gov/pubmed/15955304
http://dx.doi.org/10.1111/j.1582-4934.2008.00275.x
http://dx.doi.org/10.1111/j.1582-4934.2008.00275.x
http://www.ncbi.nlm.nih.gov/pubmed/18266960
http://dx.doi.org/10.1007/s00428-012-1235-x
http://dx.doi.org/10.1007/s00428-012-1235-x
http://www.ncbi.nlm.nih.gov/pubmed/22543453
http://www.ncbi.nlm.nih.gov/pubmed/8759341
http://www.ncbi.nlm.nih.gov/pubmed/9660479
http://dx.doi.org/10.1152/ajpheart.00498.2011
http://www.ncbi.nlm.nih.gov/pubmed/22101526

" ®
@PLOS ‘ ONE Connexin43 in Giant Cell Tumor of Bone

61. Churko JM, Shao Q, Gong XQ, Swoboda KJ, Bai D, Sampson J, et al. Human dermal fibroblasts de-
rived from oculodentodigital dysplasia patients suggest that patients may have wound-healing defects.
Hum Mutat. 2011; 32: 456-466. doi: 10.1002/humu.21472 PMID: 21305658

62. Asazuma-NakamuraY, Dai P, Harada Y, Jiang Y, Hamaoka K, Takamatsu T. Cx43 contributes to TGF-
beta signaling to regulate differentiation of cardiac fibroblasts into myofibroblasts. Exp Cell Res. 2009;
315:1190-1199. doi: 10.1016/j.yexcr.2008.12.021 PMID: 19162006

PLOS ONE | DOI:10.1371/journal.pone.0125316 May 1, 2015 18/18


http://dx.doi.org/10.1002/humu.21472
http://www.ncbi.nlm.nih.gov/pubmed/21305658
http://dx.doi.org/10.1016/j.yexcr.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19162006

