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List of Abbreviations 

AIC  Akaike Information Criterion 

AURKA  aurora kinase A also known as serine/threonine-protein kinase 6  

CD11c integrin alpha X chain protein 

CD163 cluster of differentiation 163 or high affinity scavenger receptor  

CDK cyclin-dependent serine-threonine kinases  

CDKI cyclin-dependent kinase inhibitors 

CDT1  chromatin licensing and DNA replication factor 1 

Cx43  gap junction connexin43  

DAB  diaminobenzidine  

EGFR epidermal growth factor receptor  

GCs giant cells 

GCTB giant cell tumor of bone  

H3-3A formerly H3F3A, H3 histone family member 3A gene 

H&E hematoxylin-eosin staining 

IFNJ interferon-gamma 

IHC immunohistochemistry 

IL-6 interleukin 6  

M-CSF macrophage colony-stimulating factor 

MCM2-7 minichromosome maintenance 2-7 complex 

NFκB nuclear factor kappa-light-chain-enhancer of activated B cells 

pHH3 phospho-histone-H3  

PFS progression-free survival  

PP2A Ser/Thr protein phosphatase 2A  

RANKL receptor activator of nuclear factor kappa-B ligand 

PWP Prentice-Williams-Peterson gap time survival models  

Rb, RB1 retinoblastoma protein; RB1 also known as p105-RB  

ROI region of interest 

SMA smooth muscle actin  

TBS Tris-buffered saline  

TMA tissue microarrays  

TNF tumor necrosis factor   
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1. Introduction 

1.1 Giant cell tumor of bone  

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

cell-rich tumors besides aneurysmal bone cyst and non-ossifying fibroma according to 

the, current, 5th Edition of the WHO classification of soft tissue and bone tumors (1). 

GCTB is a locally aggressive lesion that causes pathological osteolysis predominantly 

affecting the epi-metaphyseal bone regions in young adults (1). It represents 2-9% of 

primary and ~20% of benign bone tumors (2, 3). Despite appropriate treatment, GCTB 

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

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

transformation (e.g. into osteosarcoma) (4-13). Histologically (Figure 1) GCTB is 

characterized by osteoclast-type giant cells that are admixed with mononuclear cells 

including the osteoclast precursor of monocytic/macrophage lineage and stromal cells of 

osteoblastic origin (3, 4). Over the years, several prognostic biomarkers including 

chromosomal instability, cell growth signaling and tumor microenvironment have been 

identified, however, none of these became integrated into the daily diagnostic praxis (6, 

14-18). Hence, predicting the clinical progression of GCTB from histopathological 

features remains a diagnostic challenge. 

 

Figure 1. The main cell components of giant cell tumor of bone. (A) Multinucleated giant cells 

(GCs) are admixed with mononuclear and red blood cells (hematoxylin-eosin staining, H&E). (B) 

GCs and their monocytic precursors carry the CD11c marker while (C) Neoplastic stromal cells 

are characterized by smooth muscle actin (SMA) positivity. (D) Histiocytes and monocytic GC 

precursors but not GCs express the CD163 scavenger receptor. Arrows emphasize positive cells 

in proximity of GCs potentially capturing fusion. Diaminobenzidine (DAB, brown) 

immunoperoxidase reactions (B-D). Scale bar: 50 µm for all images. Modified from (19) and 

used with permission of the publisher under the terms of the Creative Commons Attribution 

License (CC BY).   
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1.1.1 Mononuclear cell fraction 

The mononuclear cell fraction of GCTB (Figure 2) consists of osteoclast precursors of 

monocytic/macrophage lineage and spindle-like stromal cells of osteoblastic origin (4, 

20). The stromal cells are thought to be the neoplastic cell fraction that drive the abnormal 

osteoclastogenesis in GCTB (21-23).  

Accordingly, stromal cells have demonstrated chromosomal instability (24), telomeric 

associations (25, 26) and elevated proliferative activity (18). Hallmark mutations in the 

H3 Histone Family Member 3A (H3-3A, formerly H3F3A) gene were identified in >90% 

of GCTB cases, dominantly at Gly34 (17, 27-30). Stromal cells regulate 

osteoclastogenesis through cytokine secretion including macrophage colony-stimulating 

factor (M-CSF), interferon-gamma (IFNJ), and the growth factor from the tumor necrosis 

factor (TNF) family, called receptor activator of nuclear factor kappa-B (NFκB) ligand 

(RANKL) (20, 21, 31). The overexpression of M-CSF and RANKL are the main drivers 

of osteoclast and giant cell formation and lytic activity. Our research group has shown 

elevated epidermal growth factor receptor (EGFR) expression (6) and reduced and 

deregulated intercellular connections, mainly reduced gap junctions of connexin43 

(Cx43) channels in the neoplastic stromal cell fraction of recurrent and malignant GCTB 

cases (15). Concurrent changes of the extracellular matrix (Figure 2) further facilitate 

cell mobility, blood monocyte invasion and macrophage polarization, mainly by the 

overexpression of tenascin and underexpression of decorin and lumican (23). 

 

Since GCTB can lead to substantially reduced quality of life or even death, it is crucial to 

identify patients with increased risk of recurrence. Therefore, in this study, we aimed to 

correlate (2. Objectives: 1.) the proliferating mononuclear cell fractions with 

progression-free survival (PFS) using their DNA index (ploidy) and tissue microarrays 

using immunohistochemistry through detecting nuclear cell cycle regulation-linked 

proteins mentioned below (1.2 Cell cycle regulation) in osteoclast rich regions of GCTB.  
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Figure 2. Overview of main cellular components of GCTB and the giant cell fusion process. The 

main neoplastic drivers are the osteoblastic mononuclear spindle-shaped cells (MSC; yellow), 

which harbor the hallmark H3-3A (formerly H3F3A) gene mutation, telomeric associations and 

genomic instability, also reduced gap junctions (Cx43) and intercellular connectivity. MSCs 

excessively secrete M-CSF (red arrow) and RANKL (blue arrow) while reducing the production 

of the RANKL-decoy receptor osteoprotegerin (OPG), consequently changing the local and 

vascular microenvironment and attracting CD33-/CD14- blood monocytes (light red). These 

monocytes then commit to the osteoclastic-macrophage transition (light turquoise, violet, blue), 

become tissue-specific and change their cellular surface profiles. GCs are then formed by the 

fusion (“+”) between pre-osteoclasts and osteoclastic macrophages with CD33+/CD14-, 

CD33+/CD14+ or CD33-/CD14+ surface antigens. Finally, osteoclastic GCs express RANK and 

CD33+ while being negative for CD14 and CD163. To note that all GCs are located in the 

immediate vicinity of and are associated with leaky blood vessels indicating their monocytic 

origin. Due to the (osteo)lytic activity of GCs (primarily by effector enzymes like cathepsin K 

and MMP-9), hemorrhages occur frequently and are linked to more aggressive phenotypes. 

Concurrent changes of the extracellular matrix (ECM) support cell mobility by overexpressing 

tenascin C and under expressing decorin and lumican. Abbreviations: GC, giant cells; OC, 

osteoclastic; M-CSF, macrophage colony-stimulating factor; RANK, receptor activator of nuclear 

factor kappa-B and its ligand (RANKL); Cx43, connexin 43; MMP-9, matrix metalloproteinase-

9. The figure was modeled after Figure 1B and created with BioRender.com. 

  

https://biorender.com/
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1.1.2 Multinucleated giant cells  

Multinucleated giant cells (GC) can form two distinct ways: i) through acytokinetic cell 

division and ii) by cell fusion. The former is the result of incomplete cell division due to 

cytoskeletal malfunctions (32, 33), which is typical of proliferating neoplastic cells, such 

as Reed-Sternberg cells in classical Hodgkin lymphoma (34) or multinucleated tumor 

cells in soft tissue myxofibro- and osteosarcomas (7, 28). While osteoclast-type giant 

cells of GCTB are formed by fusion of cells of the monocyte-macrophage lineage (35), 

similar to inflammatory multinucleated GCs (36), such as Langhans-type GCs and 

foreign body GCs (37).  

 

In GCTB (Figure 2), the tumor microenvironment attracts (primarily through M-CSF 

and RANKL) myeloid progenitor cells and monocytes to extravasate from the blood into 

the tumor and initiate their transition to macrophages (23, 38). At first, these (non-

osteoclastic) macrophages bear a CD14- and CD33- double-negative cell surface marker 

profile (23, 39). Through the upregulation of M-CSF and RANKL by neoplastic spindle-

formed stromal cells, pre-osteoclasts and GCs, monocytes undergo the polarization 

process (40) and become tissue specific while committing to the macrophage-osteoclast 

axis (38, 41). Besides RANK, osteoclast-committed macrophages can express CD14+ 

and/or CD33+ on their cell membranes (23). Pre-osteoclasts and osteoclastic GCs retain 

RANK and CD33+ but do not express CD14 (Figure 2) or CD163 (Figure 1D). 

Ultimately, GCs and large osteoclasts are created by fusion of pre-osteoclasts and 

osteoclast-committed macrophages (16, 23). 

GCs are the effectors responsible for pathological bone resorption in GCTB (Figure 2), 

hence, they require continuous stimuli from neoplastic stromal cells to be able to fuse 

from pre-osteoclasts and to progressively resorb bone (42, 43). These proliferative factors 

include the above mentioned canonical pathway (M-CSF/RANK/RANKL) and various 

other (non-canonical) growth factors (16) such as vascular endothelial- (VEGF) 

hepatocyte- and placental growth factors as well as hypoxia inducible factors 1⍺ and 2⍺ 

(43, 44). Also, TNF-⍺ can promote monocyte/macrophage fusion and osteoclastogenesis, 

similar to acute inflammation through interleukin 1 beta (IL-1β) (42). Whereas other 

members of the interleukin family (IL-3, IL-4, IL-6) are more important for inflammatory 

and foreign body-type GC formation (16, 44).  
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Despite this reactive, osteoclastic origin of GCs (45), their nuclei show diverse 

proportions of immunoreactions for general proliferation (Ki67) and G1-phase cell cycle 

markers such as cyclin D1-D3 and inhibitors like p21WAF1 and p16INK4a (18, 37, 46-48). 

However, a comprehensive approach including cell cycle control proteins of licensing 

and late-phase (S-G2-M) promoters had not been investigated before (Figure 3).  

Therefore, we scrutinized the expression of cell cycle regulatory proteins using a 

comprehensive set of markers to see if GCs in GCTB show replicative activity and if it 

is of clinicopathological relevance (2. Objectives: 2.). 

 

 

1.2 Cell cycle regulation 

Cell division is comprised of two major phases, the process of nuclear and cellular 

division called mitosis (M-phase) and the interphase between two mitoses (49-51). 

The interphase can be subdivided further into the G1 (“gap”) phase that precedes 

DNA replication, the S-phase when new DNA is synthesized and the second gap (G2) 

phase preceding mitosis (Figure 3). Under unfavorable conditions, such as high 

cellular density or absence of growth factors, cells can exit the cell cycle from G1 

and temporarily enter the resting state of quiescence (G0-phase), which is reversible 

once the conditions become pro-proliferative again. In case of severe DNA damage 

or aging, however, cell cycle arrest can occur at G1-, G1/S- or G2-phases and induce 

the irreversible state of senescence, which is also required for cellular homeostasis 

such as functional maturation, hypertrophy and secretory activities (52-54). The 

summary of investigated cell cycle-regulatory markers is presented in Table 1. 

 

Cells have a sensitive window at the early G1-phase (55) called the restriction point to 

overcome (Figure 3) to access the cell cycle (56). This process is called licensing that 

involves the heterohexameric ring complex of minichromosome maintenance 2-7 

(MCM2-7) proteins (57, 58). Besides the general proliferation marker Ki67, MCM2-7 

complex proteins can also be detected throughout the cycle except in quiescence (G0) 

(52). Thus, they can be used as markers of growth fractions in tumors (50, 51, 59). Next, 

complexes of cyclins and cyclin-dependent serine-threonine kinases (CDK) drive the 

cells through major phases of the cycle (60).   
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Figure 3. 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. General proliferation 

marker (Ki67) and the hexamer licensing complex (MCM2-7) are shown in green, both of which 

can be detected during the whole cell cycle (circular arrow). Gray background color gradients 

indicate protein activity matched to respective phases of the cell cycle. Cyclin-CDK complexes, 

framed with shades of blue, support the respective G1-S-G2-M transition, according to their 

positions. Inhibitory markers of the INK4 (p15INK4b, p16INK4a) and CIP/KIP families (p21WAF1), 

the genomic guardian (p53) and repressor (geminin) are framed in red. Cyclin G1 with dashed 

red frame is depicted twice to indicate its dual pro- and antiproliferative roles. Markers with 

yellow frames (cyclin B-CDK1) or backgrounds (MDM2, E2F) were not evaluated systematically 

in our projects. Phases of mitosis (M) are magnified as an inset. Phosphohistone H3 (pHH3) and 

the “polar kinase” (aurora kinase A, AURKA) are positioned below the phases of their strongest 

activity at the meta- and ana-/telophases, respectively. The image was in part modeled after 

figures published in (19) and was created with BioRender.com.  

  

https://biorender.com/
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According to the classic view, G1-S-phase transition is primarily initiated by D-type 

cyclins (61). Cyclin D1-CDK4/6 are the key drivers of G1/S-phase transition by 

phosphorylating retinoblastoma (Rb) protein (RB1) and other “pocket” proteins p130 and 

p107 (also called Rb-like protein 1 and -2, respectively) (62-65). Thus, the inhibitory 

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

cyclinE-CDK2, resulting in a positive feedback loop (51). This can be prevented by cyclin 

dependent kinase inhibitors (CDKI) specifically 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 (60, 66-68). During S-phase, the cyclin A-CDK2 

complex mediates transcriptional control of DNA synthesis and drives S/G2-phase 

transition (66, 69), whilst topoisomerase 2a mediates post-G1-phase DNA cleavage and 

reassembly (70, 71).  

In late G2-phase, cyclin A also binds to CDK1 and promotes G2/M-phase transition (51, 

72). Concurrently, the DNA replication repressor geminin prevents the repeated 

replication licensing in post-G1-phase through binding to CDT1 (chromatin licensing and 

DNA replication factor 1); hence, blocking the re-loading of the MCM2-7 complex onto 

chromatin (49, 52, 73-75). Finally, the cyclin B1-CDK1 complex catalyzes mitotic cell 

division (47, 69, 76) by activating the microtubule assembly, chromatin and DNA 

relaxation for increased gene transcription through the phosphorylation of H1 and H3 

histones (pHH3) (77). 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 

(59, 62, 71, 78). 

Checkpoint failures during mitosis (M-phase) can cause chromosomal instability and 

incorrect cytokinesis with alterations during sister-chromatid separation resulting in poly- 

or aneuploidy (79), which can contribute to tumor development (66, 79). Ploidy can be 

reliably detected by DNA content measurement using flow-cytometry (18, 80, 81) and 

quantified by the DNA index that is the ratio of G0/G1 peaks in cell populations compared 

to normal bone marrow (82).  

The tumor suppressor p53 plays a crucial role in preventing aneuploidy through G1 cell 

cycle arrest by either activating DNA damage response genes or inducing programmed 

cell death, if the defective DNA cannot be repaired (83). As a p53 target, cyclin G1 has 
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dual functions as it can facilitate both cell cycle arrest and S-G2-M progression (84). 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 (84-

87). The p53-dependent G1 arrest of multinucleated tetraploid cells has been previously 

described (83) and p53 activity with the contribution of p21WAF1 can also drive this 

process even further to result in cellular senescence (33).  

 

 

  

Table 1.  Occurrence of cell cycle-regulation markers during the replication cycle and 

the applied antibodies for their detection. 

Antibody Clone Vendor  Dilution 
Locali-
zation 

Activity in cell cycle phases 
G1 S G2 M 

Ki-67 MIB-1 Dako RTU N + ++ ++ ++ 
Ki-67 SP6 Th-LV 1:600 N + ++ ++ ++ 
Ki-67 B56 HisPat RTU N + ++ ++ ++ 
MCM2 CRCT2.1 Th-LV 1:200 N ++ ++ ++ ++ 
MCM6 PA5-79649 Th-LV 1:600 N ++ ++ ++ ++ 
cyclin D1 SP4 Th-LV 1:200 N + ++ + + 
cyclin E 13A3 Th-LV 1:20 N ++ ++ - - 
CDK4 DCS31+35 Th-LV 1:300 N/CP + + - - 
CDK2 2B6 Th-LV 1:300 N/CP + ++ + - 
cyclin A 6E6 Th-LV 1:500 N - ++ + + 
cyclin G 11C8 Th-LV 1:00 N     
geminin EM6 L-NC 1:150 N - ++ + + 
p-HistH3.3 (Ser10) K.872.3 Th-Inv 1:100 N - - -+ ++ 
p15INK4b  15P06 Th-LV 1:200 N/CP +    
p16INK4a  JC8 Th-LV 1:200 N/CP +    
p21WAF1 SX118 Dako 1:150 N + ++ + - 
p53 DO7 Th-LV 1:100 N + + + + 
retinoblastoma 1F8 Th-LV 1:100 N ++ + - - 
Topoisomerase 2a Ki-S1 Th-LV 1:200 N - + ++ ++ 
aurora kinase A 1G4 CS 1:80 CP + + ++ ++ 

CP: cytoplasmic; N: nuclear; -: negative; +: moderate; ++high; Antibody vendors: Dako (Glostrup, Denmark); Th-

LV: Thermo Fisher-Labvision (Fremount, CA USA); Th-Inv: Thermo Fisher-Invitrogen; L-NC: Leica-NovoCastra 

(Newcastle upon Tyne, UK); HisPat: Histopathology (Pecs, Hungary). RTU: ready-to-use; CS: Cell Signalling 

(Danvers, MA, USA); 
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These proteins regulating cell replication can be reliably detected (69) in situ using 

immunohistochemistry for the assessment of cell cycle fractions in archived tissues (50). 

As cell cycle is a downstream integrator of pro- and antiproliferative signaling pathways, 

accelerated cell cycle progression has been associated with genomic instability, elevated 

tumor grade and aggressiveness resulting in reduced disease progression-free survival 

(PFS) in various tumors including breast- (73), colorectal- (88) and lung 

adenocarcinomas (89), as well as in melanomas (71), and in Ewing's sarcoma family of 

tumors (90).  

Similarly, elevated cell proliferation has already been linked to GCTB progression, 

however, so far only small patient cohorts have been tested using either only general 

proliferation markers or those expressed only at early phases of the cycle (18, 46-48). On 

the other hand, recurrence potential in a larger cohort was controversially linked to p53 

and cyclin D1 upregulation in mononuclear and GCs, respectively (91). The association 

between mononuclear cell cycle fractions and PFS in GCTB has not yet been properly 

investigated. 
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2. Objectives 

Since elevated cell replication is often associated with aggressive tumor behavior and 

poor disease prognosis (51), the doctoral thesis project had two main objectives:  

 

1. To study if cell cycle fractions in the mononuclear cell compartment can help 

predict the clinical prognosis of GCTB using progression-free survival – 

investigated in Maros et al, 2019 (92). 

 

In detail, the first objective of this research project was to characterize the 

proliferating mononuclear cell fractions through detecting nuclear cell cycle 

regulation-linked proteins in osteoclast rich regions of tissue microarrays using 

immunohistochemistry. The comprehensive marker profile included the general 

cell cycle marker Ki67 replication licensing (MCM2), G1-phase (cyclin D1, 

CDK4), post-G1-phase (cyclin A and CDK2) and M-phase (phospho-histone-H3) 

markers, the cyclin dependent kinase inhibitor p21WAF1 and the replication 

repressor geminin proteins. Additionally, the flow cytometry-based DNA index 

(ploidy) was also analyzed.  

 

2. To investigate whether cell cycle regulation can be linked to GC formation and 

activity, thereby predicting local osteodestruction (grade) and phenotype of 

GCTB cases – investigated in Maros et al, 2021 (19). 

 

In detail, cell cycle activity in GCs was profiled to see if it is different between 

primary and recurrent GCTBs. We tested the expression of cell cycle regulatory 

proteins in GC nuclei including 3 clones of the general proliferation marker Ki67; 

the DNA replication licensing factors (MCM2 and MCM6); the G1-S-phase 

markers (cyclin D1 and its complexing partner CDK4/6); the early (CDK2 and 

cyclin A) and late (topoisomerase 2a) post-G1-phase markers; and additional G2-

M-phase markers (AURKA and pHH3). Furthermore, the DNA replication 

inhibitor geminin and CDK-inhibitors p15INK4b, p16INK4a, p21WAF1 and p27KIP1 as 

well as the oncosuppressor retinoblastoma and p53 and its target the unpaired 

cyclin G1 were also examined.   
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3. Methods 

3.1. Study cohort 

We performed single-center retrospective cohort studies 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. All adult patients or both parents of minors have provided a 

written informed consent (92). 

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) (92). 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 (19). 

 

3.2. Tissue microarray (TMA)  

Tissue microarrays (TMA) blocks (Figure 4) were created from the archived 154 surgical 

tissue samples using a 10 x 7 grid pattern of 2 mm diameter tissue cores (92). Altogether, 

four TMA blocks were analyzed, which contained 215 TMA tissue cores including 

duplicates from 56 surgical cases (ncores=112), triplicate from a single case (ncores=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. 

The primary antibodies (Table 1) were either mouse or rabbit monoclonal primary 

antibody clones, or rabbit polyclonal immunoglobulins (Figure 4), which 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 (92). 

Endogenous peroxidase activity was quenched using 0.5 % hydrogen peroxide in 
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methanol for 20 min. Tissue-bound antibodies were detected using the NovoLink 

polymer peroxidase kit (Leica-NovoCastra). Both the post-primary reagents and the 

polymer-peroxidase complex were applied for 30 min. Between incubation steps the 

slides were washed for 2x3 min in 0.01 M pH 7.4 Tris-buffered saline (TBS) containing 

0.1% Tween 20 (92). Peroxidase activity was revealed using a hydrogen 

peroxide/diaminobenzidin (DAB) substrate-chromogen kit (DAB Quatro kit, Thermo-

Fisher) for 3–5 min. For eliminating previously used immunosequences and thus the 

unwanted cross reactions when primary antibodies of the same species were combined, a 

5 min boiling of slides in TE buffer was performed between consecutive 

immunoreactions (19). Finally, the slides were counterstained with hematoxylin and 

coverslip mounted (92).  

For double labelling DAB-peroxidase reactions were combined with 3-amino-9-

ethylcarbazole (AEC)-peroxidase reactions (92). 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 (92).  

 

3.4. DNA flow cytometry  

DNA content measurement was performed using flow-cytometry at the IOR, Italy (93). 

For this, nuclear suspension of trimmed cryopreserved GCTB tissue was evaluated 

according to a modified method after Vindelov et al. (80, 81) 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 (93). 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 (82). Diploid and 

poly-/aneuploid cases were defined as DI=1 or DI≠1, respectively. 
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Figure 4. Overview of the applied methods and scoring schemes. The tissue microarray (TMA) 

core samples of 139 GCTB patients from the Institute of Rizzoli (IOR, Bologna, Italy) were 

immunostained (IHC) with a comprehensive set of cell cycle markers (Table 1) and scanned 

using the depicted Pannoramic Scan II System. Subsequently, the digitalized slides were then 

scrutinized in the CaseViewer software (3DHISTECH). The mononuclear cell fraction was 

evaluated using a semiquantitative scoring scheme based on four-point Likert scales in 154 

surgical cases with varying, cell cycle marker-specific thresholds. The insets show 1-1 case with 

a score 0 (minimal) and score 3 (high) proportion of positive mononuclear cells with Ki-67 (Mib1) 

staining, respectively. The giant cell (GC) content was quantitatively evaluated in a stratified 

random subset of 10-10 primary (P) and first-recurrence (1-Rec) cases, in >1000 regions of 

interest (ROI, magenta rectangle) at 80x HPF. During this, the number of GCs (NGC), number of 

GC nuclei (NGC_nuclei), and respective cell cycle marker positive GC nuclei (NGC_nuclei+) were 

manually counted per ROI and averaged over all cell cycle markers for each surgical case for 

more robust estimates. The most practical estimator was the ratio of marker positive nuclei (ratio+ 

= NGC_nuclei+/NGC_nuclei; grey rectangle). These generated descriptive features combined with poly-

/aneuploidy (DNA index) were assessed in downstream statistical analyses and modeling 

approaches.   
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3.5. Digital microscopy and image analysis  

3.5.1. Mononuclear cells 

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

(Figure 4) and analyzed using its CaseViewer software (both 3DHISTECH, Budapest, 

Hungary). For the mononuclear cell fraction (92), 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. Multinucleated giant cells 

For GCs (19), 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 

while NGC and NGC_nuclei were additionally averaged over all cell cycle markers for each 

surgical case for more robust estimates (Figure 4). 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 

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

and SAS (v.9.4, Cary, NC, USA) statistics programs. 

The primary focus of our study concerning the cell cycle activity of the mononuclear cell 

fraction (4.2 Mononuclear cell fraction) was progression-free survival (PFS) defined as 

follows: recurrence, local- (i.e. bone) or lung metastases (i.e. “tumor emboli”), malignant 

transformation (e.g. into osteosarcoma) or death of any cause, which made up a total of 

40 progression events during follow-up.  

To our knowledge this was the first time that the clinical progression of GCTB was 

evaluated by properly incorporating the increased risk of consecutive recurrence events 

by using Prentice-Williams-Peterson gap time models (PWP) (94). In contrast to classical 
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Cox proportional hazard regression, PWP models can account for multiple consecutive 

progression events during the follow-up of a patient by assigning increasing hazards for 

the next progression after subsequent events (95-97).  

For this both uni- and multivariate PWP-GT models were evaluated, also testing all 

possible combinations up to 5 variables including cell cycle markers (assessed on a four 

grade Likert-scale) (98) and clinicopathological factors such as age at diagnosis, gender, 

localization, and treatment type using automated variable selection based on the Akaike 

Information Criterion (AIC). AIC is favorable in the setting of small number of events to 

find the optimal number of predictor variables (99). Also, all feasible interaction models 

were assessed to uncover possible interactions between cell cycle marker expression 

levels and clinical factors (100). Finally, as sensitivity analyses, all models were refitted 

as time-to-first-event analyses on a subset of cases (n=135) after the exclusion of four 

patients with incongruent staining results to evaluate if previously proposed models 

stayed stable (92). Additionally, Spearman’s rank correlation-based unsupervised 

clustering was also investigated. 

For GCs (4.3. Multinucleated giant cells), 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 (19). 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. Possible associations between NGC_nuclei+ and time-to-first-

progression event were also analyzed (19). 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. Study cohort characteristics 

A single-center retrospective cohort study was performed on 154 formalin-fixed and 

paraffin-embedded GCTB samples from 139 patients, which were surgically removed 

and diagnosed between 1994-2005 at Institute of Rizzoli, Bologna (IOR), Italy (92).  

The study (92) focusing (2. Objectives: 1.) on the mononuclear cell fraction included 

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

recurrences (2-Rec/3-Rec) and one metastasis. Each sample from the same patient taken 

at different time points during the course of the disease (i.e. primary, its recurrence or 

consecutive recurrences) was considered as a separate diagnostic case. Thereby, 16 

patients had 33 consecutive cases. A total of 40 progression events occurred during the 

median follow-up of 85 months (range: 1-340 months/28,3years). Three quarter of the 

cases (74%; 114/154) had benign course, while progression events occurred in 26% 

(40/154) of which local recurrences were 62.5% (25/40) and 15% (6/40) showed 

malignant transformation to osteosarcoma with fatal outcome (92). Pulmonary 

“metastases“ (emboli) were found in 13 cases (8.4%) during the entire disease course. 

The overall mortality rate was 7.9% (11/139). Surgical staging (1-3) by Enneking (101) 

or radiological grade by Campanacci et al. (102), both equivalent with the clinical latent 

(L: 42/139, 30.2%), active (A: 40/139, 28.8%) and aggressive (Ag: 57/139, 41.0%) stages 

were available for all patients (92).  

As first treatment 74 (53.2%) patients underwent curettage with local adjuvants 

(primarily phenol, 65/74), fifty (36%) tumors were resected (with wide margin 42/50), 

three excised and one amputated, while 11 (7.9%) patients received additional 

radiotherapy.  

 

The study (19) investigating cell cycle activity in GCs (2. Objectives: 2.) was performed 

on a stratified random sample of 10 primary tumors (P) and 10 first recurrences (1-Rec) 

surgical cases from the above cohort of 139 patients (19). In these 20 patients, 12 

progression events were registered (60%) during follow-up. Eight-eight patients (40%) 

were continuously disease free or had local recurrences respectively, 2 (10%) were alive 

with disease at last follow-up while malignant transformation (osteosarcoma) and stroke 

both with consecutive fatal outcomes occurred in 1-1 patients (5%), respectively.   
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4.2 Mononuclear cell fraction 

4.2.1 Cell cycle marker detection in GCTB mononuclear cells 

All cell cycle markers showed nuclear immunoreaction (except CDK2 and CDK 4, which 

showed some additional cytoplasmic staining). Positive cells were predominantly found 

in the mononuclear cell fraction of GCTB, except for cyclin D1 and p21WAF1, which were 

also detected in GCs. To note, however, that only mononuclear cells were considered at 

scoring. While most proliferating (Ki67 positive) mononuclear cells were CD163 

negative, many of them were α-SMA positive indicating a stromal origin (Figure 5). 

 

 

Figure 5. The majority of the proliferating, Ki67 positive mononuclear cells were CD163 

negative (A, arrow), while many of them show smooth muscle actin (SMA) positivity (B, arrow) 

indicating their osteoblastic stromal origin. The image is used with the permission of the publisher 

(92) under the terms of the Creative Commons Attribution License (CC BY). 

 

 

4.2.2 Correlation-based hierarchical clustering of cell cycle marker expression  

Hierarchical cluster analysis, based on Spearman’s rank correlations of the visual four-

point Likert scale scoring of these markers, showed no major defect of the cell cycle 

regulation in GCTB (Figure 6). CDKs showed the highest correlation with their 

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

p21WAF1, rSP =0.51) and clustered around each other, except for CDK4. Also, the general 

proliferation marker Ki67, the replication licensing factor MCM2 and its repressor 

geminin formed a common subcluster with the highest associations (rSP =0.59-0.68). This 

again supported the notion that cell cycle regulation is not seriously deregulated in 

mononuclear cells of GCTB.   
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Figure 6. Heatmap and dendrograms of unsupervised hierarchical clustering of cell cycle marker 

expression in GCTB mononuclear cells. Numbers inside the boxes represent the Spearman's rank 

correlation coefficients (rSP) of the 4-grade visual scoring and in the color scheme (upper-left 

corner). Licensing-related enzymes (Ki67, MCM2-geminin), CDKs and their respective cyclins 

(CDK2-cyclin A) or inhibitors (cyclin D1-p21waf1) were clustered closest to each other in line 

with their regulatory functions in a “normal” replication cycle. Figure used from (92) with 

permission of the publisher under CC BY license. 

 

 

4.2.3 Univariate progression-free survival analyses  

Univariate survival analysis using PWP gap time models (Figure 7) revealed that poly-

/aneuploidy (HR=5.33, 95%CI: 3.52-8.07, p<0.0001) against diploid chromosome set 

and elevated 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) positive mononuclear cell fractions had 

significant negative association with PFS. Of the Ki67 immunoreactions, B56 (HR=3.82, 

95%CI: 1.90-7.67, p=0.0543) and Mib1 (p=0.0564) clone positive cell fractions also 

showed a strong trend towards reduced PFS.   
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Figure 7. Kaplan-Meier plots based on univariate PWP gap time models of progression-free 

survival (Ncases=153; NPFS_events=40) depicting cell cycle markers with the strongest associations. 

Negative (blue) vs. positive (red) represent the dichotomized expression levels at the respective 

median score of each marker. The Wald-statistics (χ2), hazard ratios (HR) with 95% confidence 

interval (CI, dashed lines) are also shown. Censoring is indicated by “+”. The figure is a slightly 

modified version of that in (92). It was used with permission of the publisher under the CC BY 

license.  
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4.2.4 Multivariable model selection for progression-free survival analysis  

4.2.4.1 Standard multivariable survival models  

For standard PWP survival models all possible combinations of cell cycle and clinical 

markers up to 5 variables were evaluated without testing for possible interactions among 

them. The AIC-based best multivariate prognostic model (AIC=271.6) included ploidy 

(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. The top 10 multivariable PWP survival models are 

summarized in Table 2.  

 

 

4.2.4.2 Interaction models  

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

association with PFS and the signs of these effects would stay consistent across different 

expression levels of the markers. This also served as a methodological safety check to 

indirectly verify the blinded scoring values.  

 

The highest-ranked interaction model (AIC=269.5) included ploidy (HR 5.6 8, 95%CI: 

2.62-12.31, p<0.0001), MCM2 (p=0.61), cyclin D1 (HR 1.89, 95%CI: 0.88-4.09, p=0.11) 

and cyclin A (p<0.0001). To note that this model was the same as the second best 

performing standard model with a significant interaction between cyclin A and MCM2 

Table 2. Top 10 multivariable PWP-models using AIC-based model selection  

Rank Selected variables Selection metric Value  

1 ploidy + MCM2 + cyclin D1 AIC 271.56 

2 ploidy + MCM2 + cyclin D1 + cyclin A AIC 271.84 

3 ploidy + cyclin D1 + cyclin A AIC 272.48 

4 ploidy + cyclin D1 AIC 273.18 

5 ploidy + MCM2 + cyclin D1 + geminin AIC 273.30 

6 ploidy + MCM2 + cyclin D1 + Ki-67 (B56) AIC 273.36 

7 ploidy + MCM2 + cyclin D1 + Ki-67 (Mib1) AIC 273.38 

8 ploidy + MCM2 + cyclin D1 + CDK2 AIC 273.41 

9 ploidy + MCM2 + cyclin D1 + sex AIC 273.41 

10 ploidy + MCM2 + cyclin D1 + p21 AIC 273.42 
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(p<0.0001), where the main effect of S-phase key marker cyclin A stayed significant 

(p<0.0001). Thus, it could be considered regardless of the interaction.  

 

Survival curves of cell cycle phenotypes based on this best interaction model and 

corresponding predictions of progression hazards are presented in Figure 8. This model 

estimated similar HRs to the best standard multivariate model (Subsection 4.2.4.1) and 

also showed positive correlation between progressively increasing hazards for elevated 

cell cycle commitment (Figure 8A) and abnormal chromosome numbers (Figure 8B).  

 

 
Figure 8. Combination figure based on the strongest interaction model including ploidy, MCM2, 

cyclin D1 and cyclin A with representative images of their immunoreactions (A) in positive and 

negative GCTB cases (DAB, brown; hematoxylin counterstain blue; scale bar: 50 μm) and 

Kaplan-Meier survival curves (B) showing PFS risk groups (N=100, NPFS_events=27) based on cell 

cycle phenotypes of the mononuclear cell fractions. The survival characteristics of GCTB cases 

could be distinctly separated as the predicted hazard of progression was significantly positively 

associated with the increased proportion of S-G2 activity and mitotic disruption from 

G0/quiescent (diploid, MCM2, cyclin D1 and cyclin A negative; green, reference of HR=1.0), to 

G1-arrested (MCM2, cyclin D1 positive and cyclin A negative; light blue), to post-G1 (diploid 

post-G1-phase, cyclin A positive cases; dark blue), and to poly-/aneuploid post-G1 cases (dark 

red). The figure is reproduced with permission of the publisher (92) under the terms of the 

Creative Commons Attribution License (CC BY).   
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During sensitivity analyses (Table 3), after excluding 4 patients (2.6%) with incongruent 

(post-G1-phase i.e. cyclin A positive, yet licensing i.e. MCM2 negative) staining profiles, 

we found no relevant interaction regardless of the model building strategy. Interestingly, 

models that additionally included classical clinicopathological factors such as sex ranked 

3rd (AIC=266.9) while the combination of the best model (ploidy, MCM2 and cyclin D1) 

with additional factors such as treatment type (rank 4; AIC=267.0), treatment and sex 

(rank 5; AIC=267.4), or age at first diagnosis (rank 9; AIC=267.6) ranked even lower and 

only emerged during sensitivity analyses (Table 3). 

 

 

  

Table 3. Top 10 models of the sensitivity analysis  

Rank Selected variables Selection metric Value  

1 ploidy + cyclin D1 + cyclin A AIC 265.73 

2 ploidy + cyclin A AIC 266.91 

3 ploidy + cyclin D1 + cyclin A + sex AIC 266.93 

4 ploidy + cyclin D1 + cyclin A + treatment AIC 267.01 

5 ploidy + cyclin D1 + cyclin A + treatment + sex AIC 267.38 

6 ploidy + cyclin D1 + cyclin A + Ki-67 (B56) AIC 267.44 

7 ploidy + cyclin D1 + cyclin A + geminin AIC 267.45 

8 ploidy + MCM2 + cyclin D1 + cyclin A AIC 267.51 

9 ploidy + cyclin D1 + cyclin A + age at diagnosis AIC 267.64 

10 ploidy + cyclin D1 + cyclin A + CDK2 AIC 267.66 
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4.3. Multinucleated giant cells 

For the systematic analysis of GCs (2. Objective: 2.), a stratified random sample of 10-

10 P and 1-Rec surgical cases was generated from the above cohort of 139 patients, who 

were investigated in (2. Objective: 1.) about cell cycle activity of mononuclear cell 

fractions and survival (92). These twenty cases (median age: 30.8 yrs, range: 13.7-76.6 

yrs; 13 [65%] female) were then systematically assessed in at least three different 

osteoclast/GC rich high-power fields (HPF; 80x) (19). Confirming the random sampling, 

there was no relevant age difference (p=0.16) between sexes and between primaries and 

first recurrences (p=0.82). The median progression free survival was 58.1 months (range: 

5-159.5, IQR: 18.9-79.2) during which 12 progression events occurred (Subsection 4.1). 

Although the median PFS was higher in P (70.7 months, IQR: 21.2-75.8) than in 1-Rec 

cases (40.2 months, IQR: 15.3-78.0), it was statistically not relevant (plog-rank=0.36; pPeto-

Peto=0.55). Similarly, aggressive cases were more common among 1-Rec (naggr=4) than P 

(naggr=2) cases, whereas active (P: nact=5; 1-Rec: nact=4) and latent (P: nlat=3; 1-Rec: 

nlat=2) cases were somewhat more common among P than 1-Rec, however the association 

was non-relevant (p=0.73). 

 

4.3.1. Nuclear characteristics of giant cells 

Overall >1000 regions of interest (ROI) were evaluated with 18 cell cycle regulatory 

markers. The number of GCs (NGC), GC nuclei (NGC_nuclei) and respective cell cycle 

marker positive GC nuclei (NGC_nuclei+) were recorded and averaged for each case. To 

robustly estimate NGC and NGC_nuclei in a surgical specimen, their values were averaged 

over all tested cell cycle markers for each case, respectively. To use robust estimates, 

values of cell cycle marker positive GC nuclei (NGC_nuclei+) were normalized by 

calculating their ratio for each staining (NGC_nuclei+/NGC_nuclei).  

 

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). The distribution of ratios of cell cycle marker positive 

GC nuclei in P and 1-Rec GCTB cases is summarized in Table 4.   
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4.3.2 Licensing and general proliferation markers in giant cells 

For the general proliferation marker protein Ki67, both Mib1 and B56 showed occasional 

positive reaction in a few GC nuclei (Figure 9A-B) while SP6 (Figure 9C) revealed 

weaker, but widespread reaction. Mib1 also showed weak to moderate cytoplasmic 

reaction in GCs. MCM2 was detected only in a few GC nuclei (Figure 9D), whereas 

Table 4. Ratios of cell cycle marker positive GC nuclei (NGC_nuclei+/NGC_nuclei). 

Type of material Marker 
Ratio of positive GC nuclei 

p P*
adj 

median IQR min max 

P CDK2 0.031 0.055 0 0.111 0.10 n.s. 

1-Rec CDK2 0.004 0.012 0 0.078   

P CDK4 0.325 0.642 0 0.95 0.72 n.s. 

1-Rec CDK4 0.412 0.193 0.043 0.826   

P cyclin A 0 0 0 0 0.17 n.s. 

1-Rec cyclin A 0 0 0 0.006   

P cyclin D1 0.941 0.13 0.694 0.994 0.25 n.s. 

1-Rec cyclin D1 0.874 0.152 0.462 0.981   

P cyclin G1 1 0.018 0.868 1 0.091 n.s. 

1-Rec cyclin G1 0.956 0.053 0.333 0.967   

P geminin 0 0 0 0.005 0.045 n.s. 

1-Rec geminin 0.015 0.017 0 0.061   

P Ki67 B56 0.027 0.045 0 0.096 0.32 n.s. 

1-Rec Ki67 B56 0.047 0.017 0.007 0.118   

P Ki67 Mib1 0 0.012 0 0.048 0.012 n.s. 

1-Rec Ki67 Mib1 0.034 0.039 0 0.172   

P Ki67 SP6 0.955 0.054 0 1 1 n.s. 

1-Rec Ki67 SP6 0.75 0.958 0.012 1   

P MCM2 0.021 0.072 0 0.118 0.52 n.s. 

1-Rec MCM2 0.051 0.158 0 0.225   

P MCM6 0.5 0.544 0.174 1 0.15 n.s. 

1-Rec MCM6 0.209 0.265 0.061 0.438   

P p15INK4b 0.773 0.162 0.447 0.967 1 n.s. 

1-Rec p15INK4b 0.884 0.942 0 1   

P p16INK4a 0.032 0.045 0 0.233 0.69 n.s. 

1-Rec p16 INK4a 0.026 0.312 0.009 1   

P p21WAF1 0.818 0.162 0.264 1 0.31 n.s. 

1-Rec p21WAF1 0.902 0.082 0.392 1     

Due to multiple testing (n=14), p-values were adjusted using the conservative Bonferroni correction 

(p*adj=0.0036). Bold p-values indicate non-adjusted significance at <0.05. 
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MCM6 was seen frequently, however, it was markedly weaker in large (>40 nuclei) GCs, 

than in smaller (<10-15 nuclei) ones or in mononuclear cells (Figure 9E). Though 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). 

Similarly, none of the Ki67 clones (B56, p=0.32; SP6, p=1.0), neither MCM2 (p=0.52) 

nor MCM6 (p=0.15) positive GC nuclei showed statistically relevant differences between 

primary and recurrent samples (Figure 9F; Table 4).  

 
Figure 9. Expression of „general” proliferation markers Ki67 (A-C) and elements of the licensing 

hexamer MCM-complex (D-E) in GCs. The Ki67 antibody clones Mib1 (A) and B56 (B) showed 

only occasional nuclear positivity (arrows) while SP6 (C) revealed weaker, but widespread 

reactions in GCs. Cytoplasmic Mib1 positivity in GCs was also seen in most cases. MCM2 

reaction (arrows) was rare (D). In contrast, MCM6 showed frequent nuclear positivity (E), which 

was more pronounced in smaller/younger (arrowhead), than in larger/aged GCs (star). Boxplot 

(F) of the quantified ratio of positive GC nuclei in primary (P) and first-recurrence (1-Rec) GCTB 

samples. DAB immunoperoxidase reactions (brown). Scale bars: A: 40 Pm; B, C and E: 50 Pm; 

D: 30 Pm. The figure and its legend were slightly modified and reproduced with permission of 

the publisher (19) under the terms of the Creative Commons Attribution License (CC BY). 
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Interestingly, compared to mononuclear cell fractions engaged in the cell cycle 

(Subsection 4.2.3), in GCs only the increased average number of Ki67 Mib1 positive 

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

PFS during univariate Cox proportional hazards analyses. 

 

4.3.3 G1/S-phase progression markers in giant cells 

CDK4 showed weak to moderate reactions in ~50% of GC nuclei (Figure 10A), 

concurrently most GC nuclei (median >87.5%) showed moderate to strong reaction with 

its G1 complexing partner, cyclin D1 (Figure 10B). The intensity of these reactions and 

the rate of cyclin D1 positive nuclei showed an inverse association with size and nuclear  

 
Figure 10. Expression of G1/S-phase cell cycle drivers in GCs. Several GC nuclei were positive 

for CDK4 (A) while virtually all stained positive for cyclin D1 (B). Double labeling (C) with 

Ki67 (green) and cyclin D1 (red). Cyclin D1 showed an inverse association with strong nuclear 

reaction in smaller GCs (white arrows) but only faint peripheral or missing central reaction in 

larger GCs (NGC_nuclei >40; white dashed line). CDK2 (D) was rarely (<8%) detected (arrows). In 

contrast, its complexing partner cyclin E (E) demonstrated widespread expressions. Cyclin G1 

(F) showed extensive (medians >95%) moderate reaction in GC nuclei, indicating its involvement 

in cell cycle arrest or rebound upregulation to control p53 overexpression and pro-apoptotic 

signaling. Scale bar: 40 Pm. The figure was in part modified and reproduced with permission of 

the publisher (19) under the terms of the Creative Commons Attribution License (CC BY).   



29 

density of GCs (Figure 10C). After quantification, the nuclear positivity ratios of CDK4 

(p=0.72) and cyclin D1 (p=0.25) did not show any relevant difference between P and 1-

Rec cases. The G1-S-phase transition kinase CDK2 (Figure 10D) showed occasional 

positive nuclear expression, which did not differ statistically (p=0.10) between P and 1-

Rec cases while its complexing partner cyclin E (Figure 10E; although not systematically 

counted) was widely detected in GC nuclei with a moderate reaction intensity. Cyclin G1 

was widely detected in GC nuclei as a moderate reaction (Figure 10F). Its nuclear 

frequency in GCs showed a non-significant trend (p=0.091; Table 4) towards P cases. 

 

 

 
Figure 11. Expression of post-G1-phase cell cycle markers in GC (Section 4.3.4). None of the 

S-G2-M markers including cyclin A (A-B), repressor geminin (C), topoisomerase 2a (D) nor 

aurora kinase A (E) were detected in GC nuclei. Double immunolabeling (B) with Ki67 (green) 

and cyclin A (red) showed occasional co-activity (white arrows), however, only in mononuclear 

cells. Sporadically, cyclin A (A) and geminin (C) positive nuclei were observed adjacent to GC 

(black arrows), hinting at potential fusion of osteoclast precursors. Boxplot of ratio of cyclin A 

and geminin positive GC nuclei vs. Campanacci grades. DAB immunoperoxidase reactions 

(brown). Scale bar represents 30 Pm on all images. Reproduced in part with permission of the 

publisher (19) under the terms of the Creative Commons Attribution License (CC BY). 
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4.3.4 Post-G1-phase markers in giant cells 

Cyclin A (Figure 11A), the S-G2-M transition partner of CDK2, was seldom (<1%) 

detected in GCs but more likely in mononuclear cells (Figure 11B) and occasionally in 

fusing pre-osteoclasts (Figure 11A, C). The cell cycle repressor geminin (Figure 11C) 

was seen only at very low frequency (0-6%), although it appeared more often in 1-Rec 

cases (p=0.045, n.s.; Table 4). Topoisomerase 2a (Figure 11D), responsible for genome 

organization in S-phase and chromatid segregation in mitosis, was not detected in GCs. 

Also, as expected from these findings, both the G2-M-phase associated AURKA (Figure 

11E) and primarily mitosis (metaphase-focused) pHH3 (not shown) were also missing 

from GCs. The latter was also very rare even in the mononuclear cell fraction.  

 

 

 
Figure 12. Expression of cell cycle control and inhibitory markers (Section 4.3.5). We found 

abundant nuclear reactions of p15INK4b (A) and p16INK4a (B), and also strong cytoplasmic staining 

with the latter (B). The general inhibitor p21WAF1 (C), partly induced by p53 (D; DO7 clone), were 

both widely positive as they suppress both cyclin D1-CDK4/6 and cyclin E-CDK2 activity and 

block Rb (E) phosphorylation, thereby inducing G1-arrest and senescence. Boxplots (F) of the 

ratio of positive GC nuclei for (A-C); and for the cytoplasmic reaction of p16INK4a (G) in primary 

(P) and first recurrent (1-Rec) GCTBs. The figure was reproduced with permission of the 

publisher (19) under the terms of the Creative Commons Attribution License (CC BY).   



31 

4.3.5 Cell cycle inhibitors in giant cells 

Corresponding to increased G1 and G1-S nuclear positivity, all CDK inhibitors (CDKI) 

tested including p15INK4b, p16INK4a, p21WAF1 (Figure 12A-C) and p27KIP1 were detected 

widely in GC nuclei. p16INK4a (Figure 12B) showed the least nuclear positivity but 

showed widespread cytoplasmic reaction, while p21WAF1 (Figure 12C) was strongly 

detected practically in most GC nuclei.  

Fitting into this pattern, most GC nuclei were immunopositive over a wide range of 

intensities for p53 (Figure 12D) and for retinoblastoma (Figure 12E). However, none of 

the systematically analyzed CDKI including p15INK4b (p=1.0), p16INK4a (p=0.69) and 

p21WAF1 (p=0.31) showed differential expression between P and 1-Rec samples (Figure 

12F-G; Table 4).  
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5. Discussion 

5.1 Mononuclear cell fraction 

Although GCTB is a rare tumor with primarily benign disease course, its locally 

aggressive osteolytic destruction and potential for pulmonary metastases (i.e. emboli, up 

to 7%), as well as for sarcomatous transformation (1-10%) and even fatal outcome (7, 10-

13, 103-105), presenting in a young patient population (with peaks at the third and fourth 

decades), makes it clinically relevant (4, 7, 106-110). In addition, GCTB has a high 

recurrence potential (up to 75% depending on the treatment choice) (103), which is still 

poorly understood and cannot be sufficiently predicted from a priori clinicopathological 

parameters (21, 23, 92, 103, 111, 112). 

As the cell cycle integrates the effects of both the dysregulated replication control and 

upstream growth signaling pathways (72), its accelerated progression is usually linked to 

less favorable outcome of tumor evolution (17, 50, 51). Previous studies investigating 

cell cycle activity in GCTB evaluated only smaller cohorts and did not (explicitly) 

evaluate survival, in particular, not considered repeated events within individual patients 

(46-48, 91). 

Therefore, we performed in situ cell cycle analyzes in a large cohort of 154 surgical 

GCTB cases from 139 patients using DNA flow cytometry and immunohistochemistry 

focusing on the mononuclear cell fraction. Our comprehensive marker set revealed that 

while GCTB showed no major defect of cell cycle regulation, cases with elevated G1- 

and post-G1-phase mononuclear cell fractions had significantly increased hazard for 

shorter PFS. A major contribution of our work is linking cell cycle kinetics to survival 

characteristics using statistical analyses that explicitly incorporate and adjust for multiple 

recurrences and the increased probability of consecutive progression events. 

 

Characteristic mutations in GCTB are point mutations of the H3-3A (formerly H3F3A) 

gene leading mostly to G34W alteration in the histone H3.3 protein of neoplastic stromal 

cells (17, 30, 113-116). Nonetheless, we could not detect histone H3 in its functional 

phosphorylated state (p-HistH3.3), which is required for chromatin condensation in 

mitosis. Amary et al. found that positive nuclear immunostaining with anti-H3F3A 

G43W rabbit monoclonal antibody was detectable in ~90% (213/235) of GCTBs but not 

in other 2928 cases including GCTB mimics (n=750) and various bone and soft tissue 
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tumors (n=2178) (28). They proposed that besides this immunopositivity (~85%, 11/13), 

subarticular localization were diagnostic markers for primary malignant GCTB (i.e. 

conventional GCT juxtaposed with high-grade sarcomas) and also for (giant-cell-rich) 

osteosarcomas (28). 

 

Genomic instability was indirectly captured in our analyses through ploidy using DNA 

index calculated from flow cytometry (92). Poly- or aneuploid (13.0%) chromosomal 

setup showed a pivotal role in predicting future recurrences, as it was included into all 

top performing multivariate prognostic models and its presence alone increased hazard 

of progression or recurrence by a factor of six to eight. We and other groups reported 

chromosomal instability of GCTB stromal cells including frequent telomeric associations 

(50-70%), polysomies and individual cell aneusomies in association with tumor 

progression (14, 15, 21, 23-26). 

Recently, Fittal et al. (29) investigated the methylation profiles of 17 GCTBs and found 

that benign (n=6) or indeterminate GCTBs (n=4) have no other driver mutations besides 

the canonical H.3.3 mutation, while malignant GCTBs (n=7) possessed additional 

genomic features resembling osteosarcoma (29). But compared to osteosarcomas, 

malignant GCTBs were enriched with mutations related to telomere dysfunction resulting 

in a TERT-mutated phenotype (5/7) or even elongated telomeres involving the alternative 

lengthening of telomeres pathway (ALT) or underwent loss of heterozygosity (2/7) at the 

RB1 locus. In their cohort, three of these seven malignant GCTBs were aneuploid with 

whole genome duplication, which occurred in adulthood but years prior to diagnosis but, 

notably, after the hallmark H3-3A (formerly H3F3A) mutation (17, 29). Likewise, in our 

cohort, all six cases (originating from five patients [3.6%]) either undergoing 

sarcomatous transformation after multiple recurrences (5/6; 83.3%) or presenting as a 

biphasic tumor with primary GCTB admixed with sarcoma at first presentation (1/6; 

16.7%) were graded as aggressive (100%) and 4 (66.7%) were already aneuploid at the 

earliest specimen resection, representing 26% of all aneuploid cases (4/19).  

 

Additional to ploidy, our multivariate PWP gap time models that considered the joint 

effect of multiple markers (94), also reinforced the pivotal role of MCM2, cyclin D1 and 

cyclin A, as the best panel for predicting PFS. Our study was the first to properly focus 
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on cyclin D1 expression in GCTB mononuclear cells in relation to survival. We found 

invers statistical correlation with PFS and cyclin D1 expression in GCTB mononuclear 

cells. To note that cyclin D1 occurred in all our top 10 multivariate models (Table 2). Its 

negative correlation with PFS stayed robust even after adjusting for the effect of ploidy 

and MCM2. In line with this, the most significantly differentially methylated regions 

between benign and malignant GCTBs were identified in the promoter region of the 

cancer driver gene CCND1 encoding cyclin D1 (29). Earlier studies, which were 

performed only on a low number of cases (<40) with selected few markers, suggested 

that increased frequency of Ki67 (Mib1 clone) (18, 48), cyclin D1 and -D3 (46-48), as 

well as cyclin B1 (47) and the CDK4/6 inhibitor p21WAF1 (46) positive mononuclear cells 

were significantly more common in recurrent and aggressive GCTB specimen. This was 

consistent with an accelerated cell cycle progression in the tumors of less favorable 

outcome, similar to more aggressive tumor entities like breast cancer and in melanomas 

(59, 71). 

CDK4 and -6, the complexing partners of cyclin D1, were not identified as relevant 

prognostic factors in our analyses. In agreement with this, CDKIs blocking G1-S-phase 

transition were also nonessential, such as p16INK4 specifically targeting CDK4/6 was not 

selected among any of the top 10 multivariate models (Table 2), while p21WAF1 targeting 

both cyclin D1 and cyclin E-CDK complexes was included once into the 10th ranked 

model (besides ploidy, MCM2 and cyclin D1). This imbalance suggested additional roles 

for cyclin D1 to Rb phosphorylation in neoplastic stromal cells, which might involve 

components of osteoclastogenesis (23). According to the classic view, the G1-S-phase 

transition is primarily initiated by D-type cyclins. But it has been challenged, as both 

CDK4- and CDK6-deficient mice were viable, even double knockout fibroblast could 

enter S-phase, though less frequently (63, 117). In recent phase III clinical trials, new 

generation of selective CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) have 

demonstrated substantial overall- and progression-free survival benefits as add on 

therapies for patients with advanced-stage estrogen receptor (ER)-positive, ERBB2-

negative (formerly human epidermal growth factor receptor 2, HER2) breast cancer (63, 

118, 119). Besides biomarkers of treatment sensitivity (cyclin D1, CDK2NA), potential 

resistance to CDK4/6 inhibitors via rescue options like RB1 loss and ectopic 

overexpression of cyclin E-CDK2 can offer alternative pathways for G1/S progression 
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(118, 120). Breast cancer patients treated with CDK4/6 inhibitor palbociclib with high 

cyclin E1 mRNA expression had about halve the median survival (7.6 months) than those 

with low expression (14.1months). Also, changes of AURKA can result in enhanced G2-

M-phase transition, which have been implicated as a resistance mechanism against 

CDK4/6 inhibitors (118, 121). AURKA exon inclusion was found as one of the most 

common transcriptional RNA machinery changes in H3.3 G34W mutated GCTB (114), 

although we have seen no relevant expression on the protein level.  

 

The expression of cyclin A, a post-G1-phase marker, was tested for the first time by us 

in GCTB. It was included into the second-best ranked multivariate model (ploidy, 

MCM2, cyclin D1, cyclin A) for PFS prognosis based on all data and into the best model 

(ploidy, cyclin D1, cyclin A) during sensitivity analyses (Table 3). The complex of cyclin 

A and CDK2 promotes S-phase and DNA synthesis and controls the initiation of mitosis 

through activating the cyclin B1-CDK1 complex by orchestrating their centrosomal and 

nuclear functions (71, 92). Though, neither MCM2 nor cyclin A was an independent, 

significant predictor variable in the model, their inclusion offered a better coverage of the 

cell cycle and could significantly improve the overall model performance and robustness 

in terms of AIC values (92). Due to independent, blinded scoring, cyclin A helped in 

identifying potential scoring errors. In the multivariate interaction model, it enabled the 

automatic detection of cases with incongruent staining profiles e.g., S-G2 progressed 

(cyclin A positive) yet non-licensed (MCM2 negative) mononuclear cell fractions, which 

only occurred in four cases (2.6%). 

Furthermore, our cluster analysis revealed that licensing-related MCM2 levels showed 

higher correlation with S-G2-M drivers such as cyclin A and the late cell cycle repressor 

geminin (49, 52, 59, 73, 122) than with the G1-S-phase catalyzers cyclin D1 and CDK4, 

implying that there is no major defect of cell cycle regulation in mononuclear cells (50, 

51, 73). Hence, emergence of cyclin A (76, 120, 123) in the panel allowed for reliable 

identification of both the S-G2-M-phase cell fractions and the G1-phase arrested (MCM2 

and cyclin D1 positive but cyclin A negative) cases. The central role of cyclin A in DNA 

synthesis and post-G1- phase was emphasized by its presence in all the top 10 models 

during sensitivity analyses (Table 3) (62, 124). Similar findings were published in high-

grade osteosarcoma that patients with cyclin A overexpression showed elevated risk for 
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relapse (125) and in melanoma where increased cyclin A positive cell fractions 

differentiated them from dysplastic nevi (71). 

Geminin, also an indicator of G2-M-phase cells, has been reported too as a marker of 

tumor progression and adverse prognosis in colon (126) and breast cancers (122), as well 

as in high-grade astrocytomas (127) and oligodendroglial tumors (128). In our study, it 

served as a somewhat less prominent alternative to cyclin A. Notably, most (>90%) 

geminin positive cases were also cyclin A positive, despite our independent blinded 

scoring.  

 

Interestingly, clinical variables emerged only during sensitivity analyses (Table 3) as 

non-significant but still relevant predictors. Although the effect of surgical treatment 

radicality on PFS was less pronounced compared to cell cycle regulatory proteins (ploidy, 

cyclin D1 and -A) and sex, it emerged as one of the main predictors for PFS (112, 129, 

130) during multivariate sensitivity analyses (4th and 5th model; Table 3). Though the 

surgical treatment approach was a non-significant predictor in our cohort, it could 

stabilize and improve the model fit in certain cases. A large retrospective Chinese cohort 

study, based on simple Cox survival models of the next recurrence event, reported similar 

findings that PFS was significantly lower after curettage than after (more radical) wide 

resection (130). They also reported shorter survival for younger (<30 yrs) than older (>30 

yrs) patients (130). Although the median age was quite similar (31 yrs) in our cohort, we 

could not verify this age threshold. In a subset (n=32, 2.3%) of another large Chinese 

cohort (n=1365) that investigated differences between 12 primary and 20 secondary 

malignant GCTBs, found a similar mean age of 33.7 yrs and a 5-year survival rate of 56% 

and 40%, respectively (11). They have also emphasized the importance of adequate 

surgical margins, which significantly reduced local recurrence rates. The median RFS of 

61.5 months of secondary malignant tumors was significantly longer compared to 19 

months of benign GCTBs (11). The authors identified ~4 years (49.5 months) as a critical 

ROC/AUC-threshold for suspicious recurrence and secondary transformation of GCTBs 

(11). In contrast, in our cohort, the RFS rate of GCTBs with post-G1/aneuploid 

mononuclear cell cycle phenotypes at 50 months (Figure 8B) was considerably lower at 

22% (n=2/9), hinting at the additional utility of cell cycle profiling.  
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A limitation of our work was that all our survival analyses were explorative and 

performed by fitting the full data set. Therefore, the proposed models require proper 

external validation (99, 131-136). Furthermore, the investigated cohort predates the 

approval of RANKL inhibitors and their application to GCTB as denosumab, a fully 

human monoclonal antibody against RANKL, was first approved in 2013 (109, 137, 138). 

In vitro studies showed that although denosumab reduces the proliferative rate of stromal 

cells, it has no cytotoxic effect (137). Also, it primarily targets GCs, but only functionally 

inhibits them. Therefore, “crude” OS and PFS rates derived from our study could serve 

as baselines for estimating the risk of recurrence if patients were treated only surgically 

(11, 13, 112). Recently, surgical technique became even more relevant, as it has been 

suspected that longer (>4-6 months) neoadjuvant denosumab therapy might increase the 

risk of local recurrence in patients treated with curettage (109, 137-140). As denosumab 

increases osteoclast maturation and concurrently the (re-)mineralization of initial tumor 

margins (116, 137), it traps mononuclear tumor cells and GCs within (139), which 

consequently cannot be sufficiently resected during less radical surgery (104, 105). 

Furthermore, it can induce post-therapeutic changes that resemble high-grade 

osteosarcoma (23, 108, 141).  

Mahdal et al. identified a specific receptor tyrosine kinase signaling pattern of stromal 

cells involving the platelet-derived growth factor receptor β (PDGFRβ) (140) that when 

blocked with a selective inhibitor (sunitinib), reduced viability of these neoplastic cells. 

Thus, PDGFRβ is emerging as a potential target for combination therapy using sunitinib 

and denosumab to limit GCTB recurrences (140). Recently, Antal et al. investigated this 

in a small case series of five GCTB samples (139). They observed an inverse expression 

pattern of PDGFRβ on stromal cells, as it increased during denosumab treatment and 

decreased in recurrent tumors after its discontinuation, which supports the previously 

suggested synergistic effect of sunitinib when combined with denosumab (139, 140).  

Furthermore, most recently, Venneker et al. identified histone deacetylase (HDAC) 

inhibitors as potential compounds primarily targeting the neoplastic stromal cell 

population based on the hallmark histone H.3 (H3-3A, formerly H3F3A) G34W mutation 

of GCTB using cell lines and 2D and 3D in vitro models (115).  
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5.2 Multinucleated giant cells 

Earlier studies of GCTB showed the widespread expression of cyclin D1 (37, 46-48, 91) 

cyclin D3 (47) and p21WAF1 (46), and less frequently of p16INK4a and scarcely of Ki67 

(37) in GCs. Nonetheless, these data were considered insufficient to unequivocally 

declare replication activity in GCs (16, 23). Therefore, we performed comprehensive 

quantitative analyses whether cell cycle regulation can be linked to GC formation and 

activity (Figure 13) as well as clinical phenotype of GCTB (19). We not only confirmed 

these previous observations, but also revealed additional cell cycle promoters (48) that 

confirmed an early cell cycle commitment in GCs. However, the effect of the generally 

detected cell cycle licensing MCM6, G1/S-phase transition drivers CDK4 and cyclin E, 

are probably counteracted in GCs by upregulated CDKIs, such as p15INK4b, p16INK4a, 

p27KIP1 and p21WAF1, likely induced by the p53 tumor suppressor pathway, which is 

consistent with an arrested cell cycle in late G1-phase (Figure 13). 

 

Ki67 has been widely accepted as a validated proliferation marker for various human 

cancers (142, 143). It has multiple functions and time-dependent expression levels that 

are tightly coupled to cell cycle phases and time spent in G0/quiescence (144). During 

interphase, it is required for normal cellular and nucleolar distribution of heterochromatin 

(145), and for the inhibition of p21-mediated G1/S-phase checkpoint activation. At the 

start of mitosis, Ki67 relocalizes to form perichromosomal protein sheaths to prevent 

aggregation of mitotic chromosomes and remains until nucleus reformation in G1 (142, 

143). It has been generally accepted that Ki67 (Mib1 clone) is confined to mononuclear 

cells in GCTB (146). There was only one study that reported semi-quantitative results 

about a weak Ki67 Mib1 staining in <5% of osteoclast-type GCs in only 3 out of 29 (10%) 

samples, which comprised of 27 GCT of tendon sheath and only 2 GCTBs (37). 

Interestingly, in this study foreign body-type GCs showed similar (<5%) Ki67 Mib1 

intensities to osteoclast-type GCs, but more commonly in 14 out of 51 (27.5%) samples 

(37). Similarly, we found that both Mib1 and B56 clones of Ki67 showed a low ratio of 

nuclear positivity (<10%) while SP6 demonstrated a wide range with a median of >75%. 

Ki67’s tight association to mitosis and time spent in G0/quiescence, might serve as a 

prognostic marker in GCTB. In our explorative univariate survival analysis, the higher 

ratio of positive Ki67 Mib1 GC nuclei in 1-Rec vs. P cases was linked to shorter PFS. 
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The prominent cytoplasmic Mib1 staining in GCs (Figure 9A) was also described by 

others (146). It is likely to be related to metabolic elimination of Ki67 by the ubiquitin 

proteasome system (143). The differential occurrence of Ki67 clones can be in part 

caused by the slower degradation of the epitope region recognized by SP6 compared to 

the others (145, 147). 

 
Figure 13. Investigated cell cycle regulatory proteins in giant cells. Arrows indicate activating- 

while “T” signs represent inhibitory functions. General proliferation markers in green can be 

detected during the whole cell cycle; cyclin-CDK pairs in shades of blue support G1-S and S-G2-

M transitions. Markers in red depict inhibitors. cyclin G1 was written in blue-red letters to indicate 

its potential dual role as either oncopromoter or suppressor. Cyclin B-CDK1 (yellow) were not 

evaluated systematically in our projects. In GCs, the framed markers were widely detected, those 

underlined with continuous (MCM2, Ki-67) or dashed lines (CDK2, geminin) were expressed 

rarely or very rarely, respectively; while those which are not labeled either of these ways, were 

practically not detected. Colored ribbons show the expression duration and extent of the 

matching-colored cyclin-CDK complexes. The image and its legend were modeled after figures 

in (19) under the terms of the Creative Commons Attribution License (CC BY). It was created 

with BioRender.com.   

https://biorender.com/
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Members of the MCM2-7 helicase complex (Figure 13) are required for the controlled 

licensing and duplication of DNA (148). Thus, components of the licensing complex can 

be detected during the whole cell cycle until the exit to G0 (51, 52, 59). However, while 

MCM6 is involved in relaxing DNA to single strands, the MCM2 subunit, has potential 

inhibitory effect on this function (58). Our widespread detection of MCM6 with moderate 

intensity but only occasional occurrence of MCM2 in GC nuclei, may reflect the initiation 

of DNA unwinding in GCs. Upregulated RNA expression of MCM6 and mitotic 

regulators like cyclin B1 and CDK1 has been linked to toll-like receptor 2 (TLR2) 

signaling driven escape of p53-dependent DNA damage response and consequent 

granuloma-resident macrophage differentiation and polyploid progeny generation in the 

presence of persistent inflammatory stimuli (36). 

We revealed the widespread emergence not only of (the previously detected) cyclin D1 

(46, 47), but also its partner CDK4 in the earliest G1-S phase promoter complex (Figure 

13). Their complex also supports the activation of consecutive G1-S-transit promoters 

cyclin E-CDK2 by reducing mitochondrial metabolism to prevent cyclin E degradation 

(149). In agreement with this, we regularly detected cyclin E, however, only very rarely 

found its complexing partner CDK2 in GC nuclei. This either indicates a late G1-arrested 

cell cycle (19) or might be correlated with CDK2-independent S-phase entry (150), which 

is driven by cyclin E (123). For the latter, the centrosomal localization signal of cyclin E 

is needed, as it facilitates the kinase-independent loading of MCM helicase (particularly 

MCM2) onto chromatin through physical interaction with CDT1 and the MCM complex 

(52, 151). Cyclin E overexpression can also induce chromosomal instability involving 

breaks and translocations (123, 152). This effect can be potentiated by p53 deficiency to 

accelerate tumorigenesis (149, 152). Additionally, the cyclin D-CDK4/6 axis also links 

proliferation to cell growth by simultaneously driving Rb phosphorylation and E2F 

release (153) as well as metabolic activity by promoting cell growth through the 

mammalian target of rapamycin complex 1 (mTORC1) pathway (54, 154).  

Besides cell cycle progression and tumorigenesis, cyclin D1 has multiple roles depending 

on its form concerning various cellular functions, such as cellular migration, -invasion, 

and mitochondrial metabolism, which might also play a role in GC differentiation and 

growth (149). In its DNA-bound form, cyclin D1 regulates noncoding genome expression 

affecting more than 30 transcription factors and their activity (155) including key tumor 
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suppressors like p53, E2F and the interplay between estrogen receptors and BRCA1 in 

breast cancer (149, 156). Furthermore, cyclin D1 can induce chromatin remodeling and 

consecutive chromosomal instability (149), hence, it is thought to be necessary for 

multinucleate GC formation (46, 47, 149). This corresponds to findings in 

cardiomyocytes of transgenic mice that overexpressed cyclin D1 resulting in abnormal 

patterns of multinucleation (157). Similarly, cyclin D1 was only detected in giant- but not 

in diploid trophoblasts and its expression preceded the initiation of trophoblast 

differentiation (158). In a cohort of 32 GCTB cases, Kauzman et al. reported low-level 

cyclin D1 gene amplifications in ~2/3 of the samples while at the protein level, expression 

of both cyclin D1 and -D3 was predominant in GC nuclei, implying a potential link with 

the pathogenesis of GCTB (47). The same group has also described higher cyclin D1 and 

associated p21WAF1 expressions in GC nuclei in a small cohort of altogether 16 primary 

and recurrent cases (46).  

 

p21WAF1 is considered to be one of the main effectors of p53 driven replication stress-, 

DNA damage response, DNA repair and even apoptosis signaling (159, 160). In such 

cases, p21WAF1 initiates either the arrest of G1/S-transition by inhibiting cyclin D1-

CDK4/6 complex and CDK2 at the G1-checkpoint (159), or hinders G2/M transition by 

blocking cyclin B1-CDK1 complexes and inflicting G2 arrest (161). The former pathway, 

paradoxically, may also be important for CDK4/6 complex assembly (162) and for the 

nuclear export of cyclin D1 (163, 164). These might explain our frequent detection of 

CDK4 but not CDK2, and the high levels of cyclin D1 in GC nuclei. While the latter 

p53/p21-associated blockage of mitotic bypass triggers senescence in tetraploid (4N) G1 

state (33, 83, 161). This is accompanied by the early degradation of cyclin B1 and other 

mitotic regulators, thus rendering cells incapable of the G2/M transit (161). This 

irreversible G2 arrested state is similarly characterized by the accumulation of cyclin D1 

and the lack of G2/M markers, particularly cyclin B1 (161, 165). This marker profile 

corresponded to our findings, as neither cyclin B1 nor M-phase related AURKA and 

pHH3 nor any tested S-G2-M-phase markers including cyclin A, topoisomerase 2a, and 

repressor geminin were detected within GCs. However, leaning towards CDKI induced 

G1 arrest, Rb was also upregulated in GC nuclei in our series. The crucial role of CDKIs, 

p21WAF1 and p27KIP1 in bone metabolism, especially in osteoclast differentiation and 
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function was further demonstrated in double knockout mice as these animals suffered 

from osteopetrosis (166).  

The upregulation of other CDKIs, selectively targeting CDK4/6 proteins including 

p15INK4b and p16INK4a, further supports their cell cycle-related activity in GCs (167, 168). 

The induction of p16INK4a activity occurs after p21-mediated cell cycle arrest (63, 169, 

170). Thus, p16INK4a upregulation further stabilizes the terminal stages of replicatory 

arrest and induces the terminal state of senescence (169). p16INK4a achieves this either by 

directly blocking the cyclin D-binding domain and catalytic activity of CDK4 (169) or 

by disrupting the cytoplasmic, post-translational folding of CDK4 (171), which is 

required for CDK4’s functional activation (63). This might explain the strong, diffuse 

cytoplasmic staining that we have seen with p16INK4a in GCs (Figure 12B). Senescence 

also promotes cell maturation and the development of complex senescence-associated 

secretory phenotypes (SASP) (54, 170) that might in turn change the tissue 

microenvironment and further promote tumor progression (170). Accordingly, in GCTB 

giant cells, senescence is probably interlinked with the production of key proteases of 

bone resorption like cathepsin K and matrix metalloproteinase-9 (MMP-9) (172-174). 

Furthermore, p16INK4a might also be associated with the aged-cell decay in GCs (175).  

 

Previous to our work, hardly a few publications concerned with the expression of the 

genomic guardian, p53, in GCTB mononuclear and giant cells (91, 176, 177). We 

elaborated upon p53 expression in GCTB by using two different antibody clones (DO7 

and BP53-12) and provided clear evidence that most GCs upregulate p53. This might 

result from the aforementioned complex interplay of pathways involved in cell growth, 

differentiation and chromatin restructuring coupled with multinucleation driven by cyclin 

D1, -E and p21WAF1. We were the first to detect an additional p53 target, cyclin G1 in 

GCTB (19). It has dual functions that can be involved in both cell cycle arrest and 

accelerated S-G2-M progression. As an oncogene, cyclin G1 can initiate the 

autoregulatory feedback loop between p53 and E3 ubiquitin-protein ligase (MDM2) (84, 

85, 87). For this, cyclin G1 recruits Ser/Thr protein phosphatase 2A (PP2A), which 

dephosphorylates and activates MDM2 (86). In turn MDM2 represses p53 in multiple 

ways: by binding to its transactivation domain, by allowing its nuclear export and by 

promoting p53’s proteasomal degradation through its ligase activity (178, 179). We 
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detected almost ubiquitous cyclin G1 expression in most GC nuclei with a non-significant 

trend towards slightly reduced ratios in 1-Rec (median 95.6%) vs. in P (median 100%) 

GCTB cases, which rather suggest that cyclin G1 upregulation is a rebound effect to 

control p53 overexpression and to prevent apoptosis (84, 86, 87). 

 

We have seen cell cycle marker expression profiles that reflected the maturation 

dynamics and age-related activity of GCs (48). In vitro data confirm an inverse 

correlation between GC size and resorption activity in acidic conditions (180). Similarly, 

we found a negative association between the average size of GCs, their nuclear density 

and the Campanacci grade of GCTB. Emphasizing the key role of cyclin D1, Lujic et al. 

reported that cyclin D1 expression in GCs containing <15 nuclei was statistically 

associated with tumor recurrence, achieving the highest hazard (HR~8) in standard 

multivariate Cox and logistic regression models while being the only other significant 

prognostic marker besides mononuclear p53 positivity (91). Qualitatively, we also 

observed that cyclin D1 (Figure 10C) and MCM6 reactions were markedly stronger and 

more frequent in small sized (<10-20 nuclei) than in larger GCs (48), especially if 

NGC_nuclei was >40. This was in line with our earlier findings of lower average size of GCs 

in recurrent GCTB cases where the growth-related EGFR protein level was elevated in 

stromal cells, driving GC formation and activity (6). All these imply that smaller sized 

GCs are the younger, dynamically forming population (Figure 2), which may show more 

signs of early replication than aged, functionally less active and oversized GCs with 

gradually degrading protective function of cyclin D1. To note, however, that we could 

not assess the modifying effect of RANKL inhibitors on GC maturation and cell cycle 

related nuclear activity.  
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6. Conclusions 

In conclusion, through the comprehensive coverage of the cell cycle machinery including 

several progression markers first detected systematically here, we could i) identify a 

marker panel including ploidy and elevated replication licensing (MCM2), G1-phase 

(cyclin D1) and post-G1-phase (cyclin A) positive mononuclear cell fractions, which can 

assist in identifying GCTB patients with increased hazard of progression; and ii) verify 

early replication activities in GCs and confirm the pivotal role of cyclin D1-CDK4/6 axis 

while elaborating their complex interplay with the p53-p21 effector pathway and other 

CDK inhibitors, which together induce G1 arrest and secretory senescence to support the 

functional maturation, survival and activity of GCs in GCTB. 

 

This restricted immunochemistry panel of these three cell cycle markers and ploidy can 

all be detected at reasonable costs in situ and with flow cytometry, which are readily 

available methods in centers of soft tissue and bone pathology. Our approach can be 

exploited to concurrently profile mononuclear and giant cells and to identify GCTB 

patients with higher risk of recurrence for whom more careful follow up and/or adjuvant 

RANKL inhibitor- or bisphosphonate treatment may additionally be required. 

Furthermore, our findings may support the adoption of selective CDK4/6 inhibitors or 

other novel therapeutic approaches to GCTBs in the future.  
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7. Summary 

In this doctoral research project, by using a comprehensive set of cell cycle markers, we 

studied if 1) cell cycle fractions within the mononuclear cell compartment of GCTB can 

predict its progression-free survival and 2) looked for potential replication activities in 

GCs to investigate whether these have diagnostic or clinical relevance in GCTB.  

 

In mononuclear cells, unsupervised cluster analysis showed no major defect of the cell 

cycle. But PFS was significantly negatively associated in univariate analyses with DNA 

index (poly-/aneuploidy) and elevated post-G1/S-phase markers cyclin A, repressor 

geminin and early replication proteins MCM2, cyclin D1 and Ki67 B56 positive 

mononuclear cell fractions. The best multivariate prognostic survival model combined 

ploidy, and the proportion of MCM2, cyclin D1 and cyclin A positive mononuclear cells. 

After validation, this restricted panel might be utilized in the clinical setting for treatment 

and follow-up planning to identify GCTB patients with increased hazard of recurrence 

and progression. 

 

In multinucleated GCs, the general upregulation of early pro-proliferative markers 

MCM6, CDK4 and cyclin E, coupled with the widespread, age-dependent expression of 

cyclin D1, unequivocally demonstrated an early (G1-S-phase) replication activity. 

However, these were counteracted by the pervasive expression of CDK inhibitors, 

primarily by the p53-induced p21WAF1 and possibly by p53-cyclin G1 pathways and got 

further stabilized by selective CDK4/6 inhibitors (p15
INK4b

, p16
INK4a

) resulting in G1 

arrest and consequent state of secretory senescence. This was also confirmed by the 

missing detection of post-G1 markers (such as cyclin A, geminin, topoisomerase 2a, 

pHH3 and AURKA). The complex interplay of these G1-S-phase markers was consistent 

with lacking DNA replication and seemed to be required for multinucleation, 

differentiation, functional maturation, and bone resorbing activity of GCs in GCTB. 
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