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1. Introduction 

1.1. Giant cell tumor of bone  

In the current, 5th Edition of the WHO classification of soft tissue and bone tumors, giant 

cell tumor of bone (GCTB) is categorized into the subgroup of osteoclastic giant cell-rich 

tumors. GCTB is a locally aggressive lesion that causes pathological osteolysis 

predominantly affecting the epi-metaphyseal bone regions in young adults. It represents 

2-9% of primary and ~20% of benign bone tumors. Despite appropriate treatment, GCTB 

frequently shows local recurrence in 20-50% of the cases, rarely (in 1-4%) it spreads as 

“metastatic” embolus to the lung or it might even (in 1-10%) undergo malignant 

transformation (e.g. into osteosarcoma).  

Histologically GCTB is characterized by osteoclast-type giant cells (GC) that are 

admixed with mononuclear cells. The mononuclear cell fraction consists of osteoclast 

precursors of monocytic/macrophage lineage and spindle-like stromal cells of 

osteoblastic origin. Stromal cells represent the neoplastic cell fraction that drive the 

abnormal osteoclastogenesis in GCTB. Stromal cells in >90% of GCTB cases exhibit 

hallmark mutations in the H3 Histone Family Member 3A (H3-3A) gene, dominantly at 

Gly34. Furthermore, our research group has shown elevated epidermal growth factor 

receptor (EGFR) expression and deregulated intercellular connections, mainly reduced 

gap junctions of connexin43 (Cx43) channels in the stromal cell fraction of recurrent and 

malignant GCTBs.  

Osteoclastogenesis and GC formation is driven by stromal cells through the 

overexpression of (the canonical pathway of) macrophage colony-stimulating factor (M-

CSF) and the growth factor receptor activator of nuclear factor kappa-B (NFκB) ligand 

(RANKL). As a positive feedback loop, this modified tumor microenvironment further 

attracts myeloid progenitor cells and monocytes to extravasate from blood into the tumor 

and initiate their transition to macrophages. During this, monocytes, pre-osteoclasts 

undergo the polarization process and become tissue specific while committing to the 

macrophage-osteoclast axis. Ultimately, GCs are created by fusion of pre-osteoclasts and 

osteoclast-committed macrophages. GCs are the main effectors of pathological bone 

resorption in GCTB primary by enzymes like cathepsin K and matrix metalloproteinase-

9 (MMP-9). Consequently, hemorrhages occur frequently in GCTB and are linked to 

more aggressive phenotypes.  
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1.2. Cell cycle regulation 

Cells have a sensitive window at the early G1-phase (Figure 1) called the restriction 

point to overcome to access the cell cycle. This process is called licensing that involves 

the heterohexameric ring complex of minichromosome maintenance 2-7 (MCM2-7) 

proteins. Besides the general proliferation marker Ki67, MCM2-7 complex proteins can 

also be detected throughout the cycle except in quiescence (G0). 

G1-S-phase transition is primarily initiated by D-type cyclins such as cyclin D1 and its 

complexing partner cyclin-dependent serine-threonine kinase CDK4/6. These drive the 

G1/S-phase transition by phosphorylating retinoblastoma (Rb) protein. Thus, the 

inhibitory control of transcription factor E2F is reduced, which promotes the transcription 

of cyclinE-CDK2, resulting in a positive feedback loop. This can be prevented by cyclin 

dependent kinase inhibitors (CDKI) selectively targeting CDK4/6 like p15INK4b, p16INK4a 

and by general inhibitors from the CIP/KIP family as p21WAF1 and p27KIP1 targeting both 

cyclin D1 and cyclin E-CDK complexes.  

During S-phase, the cyclin A-CDK2 complex mediates transcriptional control of DNA 

synthesis and drives S/G2-phase transition, whilst topoisomerase 2a (Topo 2a) mediates 

post-G1-phase DNA cleavage and reassembly. In late G2-phase, cyclin A also binds to 

CDK1 and promotes G2/M-phase transition. Concurrently, the DNA replication repressor 

geminin prevents the re-licensing in post-G1-phase through binding to CDT1 (chromatin 

licensing and DNA replication factor 1) and thereby, blocking the re-loading of the 

MCM2-7 complex onto chromatin. 

During M-phase, the cyclin B1-CDK1 complex catalyzes mitotic cell division by 

activating the microtubule assembly, chromatin and DNA relaxation for increased gene 

transcription through the phosphorylation of H1 and H3 histones (pHH3). Concurrently, 

the G2- and M-phase-related aurora kinase A (AURKA), the “polar kinase”, facilitates 

the mitotic division by stabilizing the centrosome through associating with the mitotic 

poles and adjacent spindle microtubules in ana- and telophases. Checkpoint failures 

during mitosis can cause chromosomal instability and incorrect cytokinesis resulting in 

poly- or aneuploidy. 

The “genomic guardian”, p53, plays a crucial role, as a key tumor suppressor, in 

preventing aneuploidy through G1 cell cycle arrest by either activating DNA damage 

response genes or inducing programmed cell death. As a p53 target, cyclin G1 has dual 
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functions as it can facilitate both cell cycle arrest and S-G2-M progression. For the latter, 

cyclin G1 might activate the MDM2 oncoprotein by recruiting Ser/Thr protein 

phosphatase 2A (PP2A), which dephosphorylates MDM2 to inhibit and degrade p53. The 

p53 with the contribution of p21WAF1 can also drive G1 arrest even further to result in 

cellular senescence. 

 

Figure 1. Overview of the cell cycle machinery and the investigated regulatory proteins. Arrows 

indicate activating- while “T” signs represent inhibitory functions. Stop signs signal the G1/S and 

G2/M checkpoints. RP (double line with dot) marks the restriction point. The image was created 

with BioRender.com.  

 

Elevated cell proliferation has already been linked to GCTB progression, but so far only 

small patient cohorts with limited marker sets focusing on early phases of the cycle have 

been investigated. A more comprehensive approach including cell cycle control proteins 

of licensing and late-phase (S-G2-M) promoters had been lacking. Furthermore, the 

association between mononuclear cell fractions and survival in GCTB has not yet been 

properly investigated before.   

https://biorender.com/
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2. Objectives 

The doctoral thesis project had the following objectives to study:  

 

1. If cycle regulation has any major defects in the mononuclear cell fraction.  

2. If cell cycle fractions in the mononuclear cell compartment can help predict the 

clinical prognosis of GCTB using progression-free survival (PFS). 

3. To properly model PFS in patients with repeated recurrences. 

4. To propose a potential prognostic marker set to identify high-risk patients for 

closer follow-up. 

5. If cell cycle regulation can be linked to GC formation. 

6. If nuclear cell cycle profile of GCs is associated with lytic activity and 

osteodestruction (grade).  

7. If it is possible to predict the clinical phenotype (primary vs. recurrent) of GCTB 

cases based on the cell cycle profile of GCs. 
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3. Materials and methods 

3.1. Study cohort 

We performed a single-center retrospective cohort study within the EuroBonet network 

using 154 distinct formalin-fixed and paraffin-embedded surgical cases from 139 GCTB 

patients, who were diagnosed and operated between 1994-2005 at Institute of Rizzoli, 

Bologna (IOR), Italy. The studies were approved by the ethical review boards for human 

research at both the Semmelweis University, Budapest, Hungary (approval nr.: 87/2007) 

and at the IOR (approval nr.: 13351/5-28-2008) and were performed in accordance with 

the Declaration of Helsinki. The study focusing on the mononuclear cell fraction included 

all 154 surgical cases of 100 primary (P), 37 first- (1-Rec), 16 second-/or higher 

recurrences (2-Rec/3-Rec) GCTBs and one metastasis. For the systematic analysis of 

GCs, a stratified random sample of 10-10 P and 1-Rec distinct cases was generated from 

the above cohort. 

 

3.2. Tissue microarray (TMA)  

Tissue microarrays (TMA) blocks were created from the archived 154 surgical tissue 

samples using a 10 x 7 grid pattern of 2 mm diameter tissue cores. Altogether, four TMA 

blocks were analyzed, which contained 215 TMA tissue cores including duplicates from 

56 surgical cases (112), triplicate from a single case (3) and a single core from each of 

the remaining 100 surgical cases. Of these, 4 μm thick sections were cut and brought onto 

dewaxed slides. 

 

3.3. Immunohistochemistry (IHC) 

Immunostainings of cell cycle proteins were performed on sections cut from TMA blocks. 

Mouse or rabbit monoclonal primary antibody clones were incubated overnight (~16h) at 

room temperature including anti-Ki67 Mib1, -B56, -SP6, -MCM2, -MCM6, -CDK2, -

CDK4, -cyclin D1, -cyclin E, -cyclin G, -cyclin A, topoisomerase 2, -aurora kinase A, -

pHH3Ser10, -p53, -retinoblastoma, -p15INK4b, -p16INK4a, -p21WAF1 and also rabbit 

polyclonal immunoglobulins for -geminin, -p53 and -retinoblastoma. As detection 

system, the NovoLink polymer peroxidase kit (Leica-NovoCastra) was used. 

Immunoreactions were revealed by using diaminobenzidine (DAB Quatro kit, Thermo-

Fisher). For double labelling DAB-peroxidase reactions were combined with 3-amino-9-
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ethylcarbazole (AEC)-peroxidase reactions. The sections were counterstained with 

hematoxylin. For double immunofluorescence (mouse Ki67 Mib1; rabbit cyclin D1 and 

cyclin A) antibodies, were detected simultaneously using Alexa Fluor 488 (green) goat 

anti-mouse IgG and Alexa Fluor 564 (red) goat anti-rabbit IgG.  

 

3.4. DNA flow cytometry  

DNA content measurement was performed using flow-cytometry at the IOR, Italy. For 

this, nuclear suspension of trimmed cryopreserved GCTB tissue was evaluated using BD 

Cycletest Plus DNA Kit (BD Biosciences, San Jose, CA, USA). Two thousand cell nuclei 

per surgical case were measured using BD fluorescence-activated cell sorting (FACS) 

scan and analyzed in the BD CellFit™ software. DNA content was quantified by the DNA 

index (DI), which was calculated as the ratio of G0/G1 peaks of cell populations in GCTB 

specimens compared to the reference of normal bone marrow samples. Diploid and poly-

/aneuploid cases were defined as DI=1 or DI≠1, respectively. 

 

3.5. Digital microscopy and image analysis  

3.5.1. Mononuclear cells 

The immunostained TMA sections were digitalized using a Pannoramic Scan II System 

and analyzed using its CaseViewer software (both 3DHISTECH, Budapest, Hungary). 

For the mononuclear cell fraction, each cell cycle marker was manually evaluated by 

three independent blinded readers in three different GC rich high-power fields (HPF, 40x) 

of each of the 215 TMA cores. They counted the proportion (%) of the nuclear reactions 

in marker positive mononuclear cells in relation to all mononuclear cells. Then, a distinct 

cut-off threshold was set for each marker by averaging the results among readers and 

converting it to a four-point Likert scale (minimal 0, low 1, medium 2, high 3 proportion). 

In case of discrepant Likert-scores of dupli- or triplicate parallel TMA cores, the highest 

value was taken during statistical analyses. 

 

3.5.2. Giant cells 

For GCs, the number of GCs (NGC), number of GC nuclei (NGC_nuclei), and respective cell 

cycle marker positive GC nuclei (NGC_nuclei+) were counted in three GC rich regions of 

interest (ROI) at HPF 80x per TMA core in the random subcohort of 20 surgical cases 
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while NGC and NGC_nuclei were additionally averaged over all cell cycle markers for each 

surgical case for more robust estimates. Furthermore, the ratio for each staining 

(NGC_nuclei+/NGC_nuclei) were also calculated to allow for more stable and direct 

comparisons across cell cycle markers. 

 

3.6. Statistical analyses 

We performed exploratory statistical analyses in the R (v.3.6.3, Vienna, Austria) and SAS 

(v.9.4, Cary, NC, USA) statistics programs. The primary endpoint of the study concerning 

the mononuclear cell fraction was progression-free survival (PFS) defined as follows: 

recurrence, local- or distant metastasis, malignant transformation, or death of any cause, 

which made up a total of 40 progression events during follow-up.  

For the first time, Prentice-Williams-Peterson gap time models (PWP-GT) were used for 

time-to-event analyses in GCTB, which can account for multiple events per patient. 

Scoring values of cell cycle markers were dichotomized at their medians to produce 

balanced groups. Both uni- and multivariate PWP-GT models were evaluated, testing all 

possible combinations up to 5 variables (cell cycle markers and clinical variables) for the 

latter using automated variable selection based on the Akaike Information Criterion 

(AIC). Additionally, interaction models and sensitivity analyses as well as Spearman’s 

rank correlation-based unsupervised clustering were also evaluated. 

For GCs, the Jonckheere–Terpstra test was used to investigate the overall difference 

between Enneking’s/Campanacci’s grading (i.e. latent, active and aggressive), GC count 

and GC nuclear positivity. As post hoc test, nonparametric Wilcoxon-Mann-Whitney U 

tests were applied to compare the mean rank of NGC, NGC_nuclei, and NGC_nuclei+ as well as 

their ratios (NGC_nuclei+/NGC_nuclei) between P and 1-Rec samples. P-values were adjusted 

for multiple testing to counteract type 1 error inflation using the conservative Bonferroni 

correction. Adjusted p-values (p*) <0.05 were considered significant. 
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4. Results 

4.1. Mononuclear cell fraction 

4.1.1. Correlation-based hierarchical clustering of cell cycle marker expression  

Unsupervised hierarchical cluster analysis based on Spearman’s rank correlations of the 

Likert-scoring of cell cycle markers revealed no major defect of cell cycle regulation in 

mononuclear cells while showing the highest correlations between CDKs and their 

respective complexing cyclins (CDK2-cyclin A, rSP=0.56) or their inhibitors (cyclin D1- 

p21WAF1
, rSP =0.51).  

 

4.1.2. Univariate progression-free survival analyses  

Univariate PWP-GT models revealed that poly-/aneuploid (HR=5.33, 95%CI: 3.52-8.07, 

p<0.0001) vs. diploid chromosome set and elevated positive mononuclear cell fractions 

of cyclin A (HR=2.84, 95%CI: 2.07-3.89, p<0.001), geminin (HR=2.48, 95%CI: 1.70-

3.61, p=0.015), MCM2 (HR=3.44, 95%CI: 2.06-5.73, p=0.016) and cyclin D1 (HR=2.20, 

95%CI: 1.56-3.10, p=0.022) had significant negative associations with PFS. 

 

4.1.3. Multivariable model selection for progression-free survival analysis  

4.1.3.1. Standard multivariable survival models  

The AIC-based best multivariate prognostic model (AIC=271.6) and included poly-

/aneuploidy (HR=6.20, 95%CI: 2.89-13.30, p<0.0001), cyclin D1 (HR=2.27, 95%CI: 

1.10-4.71, p=0.027) and MCM2 (HR=2.64, 95%CI: 0.86-8.08, p=0.090) while the 

second-best model additionally included cyclin A.  

 

4.1.3.2. Interaction models  

We also tested all possible interactions between biomarkers to check whether their 

association with PFS would stay consistent across different scoring levels. The highest-

ranked interaction model (AIC=269.5) was the same as the second-best standard model 

and included poly-/aneuploidy (p<0.0001), MCM2 (p=0.61), cyclin D1 (p=0.11) and 

cyclin A (p<0.0001) with a significant interaction between cyclin A and MCM2 

(p<0.0001). Furthermore, stratifying GCTB cases based on their mononuclear cell cycle 

phenotypes showed progressively increasing hazards of reduced PFS for elevated cell 

cycle commitment and abnormal chromosome numbers.   
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4.1.2.3. Sensitivity analyses 

Despite the multi-rater, independent blinded scoring, only four surgical cases (2.6%) 

could be identified with incongruent (i.e. cyclin A positive, yet licensing MCM2 

negative) staining profiles. After excluding these cases and repeating all previous uni- 

and multivariate PWP-GT models, we found no relevant interaction regardless of the 

model building strategy. 

 

4.2. Multinucleated giant cells 

4.2.1. Nuclear characteristics of giant cells 

Neither the overall average GC number (NGC; p=0.53) nor the average number of GC 

nuclei (NGC_nuclei; p=0.97) showed statistical difference between P and 1-Rec cases. There 

was a non-significant trend of inverse association between radiological grade (latent: L; 

active: A; aggressive: Ag) of GCTB and NGC (pL_vs_Ag=0.065; pA_vs_Ag=0.11) and 

NGC_nuclei (pL_vs_A=0.093). 

 

4.2.2. Licensing and general proliferation markers in giant cells 

Though Ki67 Mib1 positive nuclei in GCs were substantially higher (p=0.012) in 1-Rec 

than in P cases, it did not reach statistical significance after adjusting for multiple testing 

(p*threshold=0.0036). Still, the increased average number of Ki67 Mib1 positive nuclei 

(HR=1.1, 95%CI: 1-1.2, pnon-adj.=0.041) was associated with shorter PFS during 

univariate Cox proportional hazards analyses. None of the other licensing and general 

proliferation markers showed a relevant difference.  

 

4.2.3. G1/S-phase progression markers in giant cells 

The intensity of IHC reactions and the rate of cyclin D1 positive nuclei showed a clear 

inverse association with signs of aging (larger GCs with higher nuclear density). 

Nonetheless, nuclear positivity ratios of CDK4 (p=0.72) and cyclin D1 (p=0.25) did not 

differ statistically in P vs. 1-Rec cases. Similarly, CDK2 was rarely (<8%) detected in 

GCs (p=0.10). In contrast, cyclin G1 showed extensive (medians >95%) moderate 

reactions in GC nuclei with a weak, non-significant trend (p=0.091) towards P cases 

indicating its involvement in cell cycle arrest or rebound upregulation to control p53 

overexpression.   
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4.2.4. Post-G1-phase markers in giant cells 

Cyclin A was seldom (<1%) detected in GCs but more likely in mononuclear cells and 

occasionally in fusing pre-osteoclasts. Geminin was seen only at very low frequency (0-

6%), although it appeared more often in 1-Rec cases (p=0.045, n.s.). No other G2-M 

phase markers (topoisomerase 2a, AURKA and pHH3) could be detected in GC nuclei.  

 

4.2.5. Cell cycle inhibitors in giant cells 

Corresponding to increased G1-S nuclear positivity, all CDK inhibitors were detected 

widely in GC nuclei. However, when systematically analyzed none of the CDKI 

including p15INK4b (p=1.0), p16INK4a (p=0.69) and p21WAF1 (p=0.31) showed differential 

expression between P and 1-Rec cases. p16INK4a showed the least nuclear positivity but 

showed widespread cytoplasmic reactions, which might indicate p16-related cellular 

senescence required for secretory GC activity. In contrast, p21WAF1 was strongly detected 

in most GC nuclei, suggesting its role in p53-induced cell cycle arrest as the main effector. 
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5. Original findings of the thesis 

Our results led to the following original observations: 

 

1. Using a comprehensive set of markers covering the cell cycle machinery, we 

found no major defect of regulation in the mononuclear cell fraction including the 

neoplastic stromal cells. 

2. We identified a marker panel including poly-/aneuploidy and elevated replication 

licensing (MCM2), G1-phase (cyclin D1) and S-G2-M-phase (cyclin A) markers 

while properly modeling subsequent progression events using PWP survival 

models, which can assist in identifying GCTB patients with increased hazard of 

progression. 

3. Cell cycle-based phenotyping of GCTB cases using this panel was feasible and 

showed that accelerated cycle in the mononuclear cell fraction (S-G2-M) was 

increasingly proportional with shorter PFS, in particular in the presence of poly-

/aneuploidy. 

4. In multinucleated GCs, we demonstrated an early (G1-S-phase) replication 

activity by the general upregulation of early pro-proliferative markers MCM6, 

CDK4 and cyclin E, coupled with the widespread, age-dependent expression of 

cyclin D1. 

5. This early G1-S activity is counteracted by the pervasive expression of CDK 

inhibitors, primarily by the p53- p21WAF1 effector pathway resulting in G1 arrest.  

6. We also identified the interplay of p53-cyclin G1 pathways and the role of 

selective CDK4/6 inhibitors (p15
INK4b

, p16
INK4a

) stabilizing G1 arrest and 

inducing the consequent state of secretory senescence. 

7. This was also confirmed by the missing detection of post-G1 markers (such as 

cyclin A, geminin, topoisomerase 2a, pHH3 and AURKA). 
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