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Objective: Giant cell tumor of bone (GCTB) is a frequently recurring locally aggressive osteolytic lesion, where
pathological osteoclastogenesis and bone destruction are driven by neoplastic stromal cells. Here, we studied if
cell cycle fractions within the mononuclear cell compartment of GCTB can predict its progression-free survival
(PFS).

Methods: 154 cases (100 primaries and 54 recurrent) from 139 patients of 40 progression events, was studied

loid,

il :ng using tissue microarrays. Ploidy and in situ cell cycle progression related proteins including Ki67 and those
Cyclin D1 linked with replication licensing (mcm2), G1l-phase (cyclin D1, Cdk4), and S-G2-M-phase (cyclin A; Cdk2)
Cyclin A fractions; cell cycle control (p21**™) and repression (geminin), were tested. The Prentice-Williams-Peterson

(PWP) gap-time models with the Akaike information criterion (AIC) were used for PFS analysis.

Results: Cluster analysis showed good correlation between functionally related marker positive cell fractions
indicating no major cell cycle arrested cell populations in GCTB. Increasing hazard of progression was statisti-
cally associated with the elevated post-G1/S-phase cell fractions. Univariate analysis revealed significant ne-
gative association of poly-/aneuploidy (p < 0.0001), and elevated cyclin A (p < 0.001), geminin (p = 0.015),
mem2 (p = 0.016), cyclin D1 (p = 0.022) and Ki67 (B56: p = 0.0543; and Mibl: p = 0.0564 -strong trend)
positive cell fractions with PFS. The highest-ranked multivariate interaction model (AIC = 269.5) also included
ploidy (HR 5.68, 95%CI: 2.62-12.31, p < 0.0001), mcm2 (p = 0.609), cyclin D1 (HR 1.89, 95%CI: 0.88-4.09,
p =0.105) and cyclin A (p < 0.0001). The first and second best prognostic models without interaction
(AIC = 271.6) and the sensitivity analysis (AIC = 265.7) further confirmed the prognostic relevance of com-
bining these markers.

Conclusion: Ploidy and elevated replication licensing (mecm2), G1-phase (cyclin D1) and post-G1 phase (cyclin A)
marker positive cell fractions, indicating enhanced cell cycle progression, can assist in identifying GCTB patients
with increased risk for a reduced PFS.

1. Introduction frequently (in 20-50%) show local recurrence, and rarely the tumor

spreads as “metastatic” emboli to the lung (in 1-4%), or show malig-

Giant cell tumor of bone (GCTB) is a locally aggressive lesion caused
by pathological osteolysis predominantly affecting the epi-metaphyseal
bone regions in young adults, which represents ~5% of the primary and
~20% of benign bone tumors, with the highest range observed in the
Asian population [1-3]. Despite appropriate treatment, GCTB may

nant transformation in 1-4% [4-8]. However, the clinical progression
of GCTB cannot be predicted from histopathological features. Though
several biomarkers of chromosomal instability, cell growth signaling
and tumor microenvironment have been tested with promise, none of
these became part of the daily diagnostic routine [8-13]. Since elevated
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cell replication is often associated with aggressive tumor behavior and
poor disease prognosis [14], here we studied if testing of cell cycle
fractions in the mononuclear cell compartment can help predict GCTB
progression and prognosis.

In GCTB, osteoclast type giant cells are admixed with mononuclear
cells including the osteoclast precursor monocytic/macrophage lineage
cells and stromal cells of osteoblastic origin [4,15]. Abnormal osteo-
clastogenesis is thought to be driven by these stromal cells which are
considered to be neoplastic [16] due to their chromosomal instability
[17], telomeric associations [18], elevated proliferative activity [12],
and H3F3A (H3 Histone Family Member 3A) gene mutations in > 90%
of the cases (dominantly at Gly34) [13,19,20]. Neoplastic stromal cells
express early osteoblast markers [21] and secrete cytokines, which
regulate osteoclastogenesis including macrophage colony stimulating
factor (M-CSF), interferon-gamma (IFNy), and the tumor necrosis factor
(TNF) family ligand RANKL (receptor activator of nuclear factor kappa)
[4,15,22]. Earlier we found an increased hazard of progression in GCTB
cases presenting elevated epidermal growth factor receptor (EGFR)
expression [7] or reduced and deregulated gap junction connexin43
(Cx43) channels in the neoplastic stromal cell fractions [10].

Accelerated cell cycle progression has been linked to genomic in-
stability, elevated tumor grade and aggressiveness resulting in worse
clinical outcome in breast [23], colorectal- [24] and lung adenocarci-
nomas [25], epithelial ovarian carcinomas [26] as well as in mela-
nomas [27], and in Ewing's Sarcoma Family of Tumors (ESFT) [28].
Proteins regulating cell replication can be detected [29] in situ using
immunohistochemistry for the assessment of cell cycle fractions in ar-
chived tissues [30]. For entering the cycle, a restriction point needs to
be bypassed [31] at early G1 phase [32] by licensing, which involves
the minichromosome maintenance 2-7 (mcm2-7) complex [33-35].
Besides Ki-67, mecm2-7 complex proteins can be detected throughout
the cycle except in quiescence (GO) thus, they can be used as general
markers of tumor growth fractions [30,33,36,37]. Complexes of cyclins
and cyclin-dependent serine-threonine kinases (cdk) drive the cells
through major phases of the cycle [38]. The cyclin D1-cdk4/6 complex
promotes G1/S-phase transition by phosphorylating retinoblastoma
(Rb) protein [39,40], which can be prevented either by p16™%* [41]
and p21"®" cdk inhibitors [38,42-44]. The cyclin A-cdk2 complex
drives S/G2 phase transition [29], while in late G2 phase cyclin A also
binds to cdkl and to support G2/M phase transition [14,45]. Con-
currently, geminin -a DNA replication repressor- prevents repeated re-
plication licensing in post-G1 phase [23,36,46,47]. Finally, the cyclin
Bl-cdkl complex catalyzes mitotic cell division [48] by activating the
microtubule assembly and chromatin and DNA relaxation for increased
gene transcription through phosphorylating H1 and H3 histones.
Failure of cytokinesis during mitosis (M-phase) can result in poly- or
aneuploidy, which contribute to chromosomal instability and the de-
velopment and progression of tumors [49]. The tumor suppressor p53
can induce cell cycle arrest by upregulating p21"®! expression and
DNA damage response [50].

Elevated cell proliferation has already been linked to GCTB pro-
gression, 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 [12,51-53]. On the other hand, recurrence
potential in a larger cohort was controversially linked to p53 and cyclin
D1 upregulation in mononuclear and giant cells, respectively [54]. The
link between mononuclear cell cycle fractions and progression-free
survival (PFS) in GCTB has not been properly investigated yet.

Since GCTB can lead to substantially reduced quality of life or even
death, it is crucial to identify patients with increased risk of recurrence.
In this study we correlated the proliferating mononuclear cell fractions
with PFS in tissue microarrays (TMA) of 154 GCTB cases from 139
patients using immunohistochemistry through detecting nuclear cell
cycle regulation-linked proteins in the osteoclast rich regions. The DNA
index (ploidy) was also determined and considered in the analysis.
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2. Materials and methods
2.1. Study cohort

A single-center retrospective cohort study was performed in for-
malin-fixed and paraffin-embedded GCTB samples, which were surgi-
cally removed and diagnosed between 1994 and 2005 at the Institute of
Rizzoli, Bologna (IOR), Italy. All adult patients or both parents/guar-
dians of minors have provided a written informed consent. The study
was approved by the Ethical Committees for Human Research both at
Semmelweis University, Budapest (87/2007) and at the Institute of
Orthopedics Rizzoli, Bologna (13351/5-28-2008).

The study included 139 patients, who underwent altogether 154
operations. Each of these excised samples were considered “surgical
cases”, which were originated from 100 primaries, 37 first-, 16 second-/
or higher ranked recurrences and one from lung metastasis. A total of
40 progression events, detailed in Table 2 and Table 3, including re-
currences, malignant transformation, metastases and few deaths oc-
curred during follow-up period (median: 85months, range:
1-340 months/28.3 years), which were used in PFS analysis. TMA
blocks containing duplicate, or triplicate tissue cores of 2 mm diameter
were created using the TMA Master instrument (3DHISTECH, Budapest,
Hungary). The surgical staging (1-3) by Enneking [55] or the radi-
ological staging by Campanacci et al. [56], both compatible with the
clinical latent, active and aggressive stages were available for all cases.
As a first treatment 74 (53.2%) patients underwent curettage supple-
mented with local adjuvants (primarily phenol, 65/74), fifty (36.0%)
tumors were resected (with wide margin 42/50), 3 excised and 1 am-
putated while 11 (7.9%) patients received additional radiotherapy.
Detailed clinicopathological-, follow-up and survival data of the studied
cases are summarized in Tables 1-3, respectively.

2.2. Immunohistochemistry

Immunostaining of cell cycle proteins was done as previously de-
scribed [10,27]. Briefly, 4 um thick sections were cut from TMA blocks
and mounted onto charged adhesive slides (SuperFrost Ultra Plus,
Thermo-Erie, Budapest, Hungary). For antigen retrieval the dewaxed
slides were boiled either in a pH 6.1 target retrieval buffer TRS (Dako,
Glostrup, Denmark) for Ki-67 (clones Mib-1 and B56) and cdk4, or in a
pH 9.0 buffer of 0.01 M Tris—0.1 M EDTA (TE) for all other antibodies at
~105 °C for 30 min using an electric pressure cooker (Avair Ida, YDB50-
90D, Biatlon, Pecs, Hungary). Endogenous peroxidase activity was
quenched using 0.5% hydrogen peroxide in methanol for 20 min.
Tissue-bound antibodies were detected using the NovoLink polymer
peroxidase kit (Leica-NovoCastra, Newcastle Upon-Tyne, UK) [57].
Briefly, the TMA slides were treated in humidity chambers at room
temperature with a protein block solution for 10 min and then with the
primary antibodies including monoclonal anti-Ki-67 (clones MIB-1,
SP6, B56), mcm2, cdk4, cyclin D1, cyclin A, cdk2, geminin, phospho-
histone H3 and p21‘”"‘f1, overnight (~16h). Antibody specifications,
dilutions used and the relative expression of these markers during the
replication cycle are summarized in Suppl. Table 1. Both the post-pri-
mary reagents and the polymer-peroxidase complex were applied for
30 min. Between incubation steps the slides were washed for 2 X 3 min
in 0.01 M pH 7.4 Tris-buffered saline (TBS) containing 0.1% Tween 20
[27]. Peroxidase activity was revealed using a hydrogen peroxide/
diaminobenzidine (DAB) substrate-chromogen kit for 3-5min. For
double labelling DAB-peroxidase reactions were combined with 3-
amino-9-ethylcarbazole (AEC)-peroxidase reactions. For eliminating
previously used immunosequences and thus preventing unwanted cross
reactions when primary antibodies of the same species were combined,
a 5min boiling of slides in TE buffer was performed between the con-
secutive immunoreactions [10]. Finally, the slides were counterstained
with hematoxylin and coverslip mounted using Faramount (Dako).
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Table 1

Clinicopathological features of the studied cases.
Number of patients 139
Number of cases 154
TMA samples (cores) 215

Single case [core]/patient
Total number of cases

77 (35.8%) of 77 patients
157 (i.e. 77 + 23 + 56 + 1)

Excluded missing or incomplete follow-up data 3 (1.9%)
Progression Groups Number Enneking's/Campanacci's staging
Primary 100 La 36 Ac 27 Ag 37
1st Recurrent cases 30 La 5 Ac 8 Ag 17
2nd Recurrence 8 Lal Ac 5 Ag 2
3rd Recurrence 1 La - Ac - Ag1l
Median age 31.0years (range: 5.3-76.7 years;)
(at 1st ever diagnosis, n = 139)
Gender (male/female) 62/77
Gender ratio 0.805:1 (M/F) or 1:1.242 (F/M)
Survival
Median disease free survival 73.3 months
(range: 1-170.4, LQ-UQ: 25.0-95.8 months)
Number of progression events 40
Localization Total Rate (%) Freq/Rank Side
Femur 47 33.8% 1st L15 R32
Tibia 38 27.3% 2nd L21 R17
Sacrum + Spine|Pelvis 22 15.8% 3rd 12 + 4| 6
Radius 13 9.4% 4th L9 R4
Other 20 14.4% - - -
Upper Limb 28 20.1%
Lower Limb 89 64.0%
Mid-line (pelvis, sacrum, spine) 22 15.8%
All 139
Treatment types
Curettage 74
All LA MM BC MM + BC Other
+ Local adjuvant [LA] (phenol) 65 3 34 12 15 1
+ Methyl-methacrylate [MM] 3 - 2 1 - -
+ Bone chips [BC] 4 - - 4 -
+ Other (cryo, embolization etc.) 2 - - - -
Resection| Amputation|Excision 54
Wide resection 42
Intralesional resection 2
Marginal resection 6
Excision|amputation 31
Radiotherapy 11
+ curettage + 40-44|40 + 30 Gy 2[1
+ curettage + phenol + 40-56 Gy 7
+ intralesional resection + 44 Gy 1

GCTB: giant cell tumor of bone; L: left; R: right; La: latent; Ac: active; Ag: aggressive; R: recurrence; LQ/UQ: lower/upper quartile; “|”: logical operator for “or”; Gray:
absorbed dose of ionizing radiation [1 J/kgl; LA: local adjuvant; MM: methyl-methacrylate; BC: bone chips.

2.3. DNA index tested using flow cytometry

The detailed protocol of the DNA content measurement using flow-
cytometry was described earlier [58]. In brief, nuclear suspension of
trimmed cryopreserved tissue was tested according to a modified Vin-
delov method [59,60] using BD Cycletest Plus DNA Kit (BD Biosciences,
San Jose, CA, USA). Two thousand cell nuclei per surgical case were
measured using BD FACS (fluorescence-activated cell sorting) scan and
analyzed in the BD CellFit™ software [58]. The DNA distribution of a

Table 2
Summary of progression events and censored cases.

normal bone marrow was used as a reference. DNA index (DI) was
calculated as the ratio of GO/G1 peaks of cell populations in GCTB
specimens compared to the reference normal samples [61]. Diploid and
poly-/aneuploid cases were defined as DI = 1 or DI = 1, respectively.

2.4. Scoring

Three independent assessors (MEM, KZ, KT) blinded to all clinical-
and other cell cycle marker expression data evaluated the

Type of surgical material® Number of surgical cases

Number of progression events” during follow-up

% Number of cases censored” %

Primary 100 23
1st Recurrence 37 8
2nd or 3rd Recurrence 16 8
Metastasis 1 1
Total: 154 40

23 77 77
21.6 29 78.4
50 8 50
100 0 0
26% 114 74%

? Primary: material from first-ever operation; 1.-3. Recurrence(s): patient had previous operation(s) either at IOR or at another institution; metastasis: lung

embolus.
> Progression events are detailed in Table 3.
¢ Censored: no progression event occurred during follow-up.
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Table 3
Specification of progression events occurred during the follow-up.
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Disease course during follow-up (FU) Number of cases %

Number of progression events

Description of the progression event

Continuously disease-free 114 74 -
Alive with disease 4 2.6 1
3
Death 11 7.1 1
1
3
6
Local recurrences 25 16.2 17
7
1
Total: 154 40"

no progression event occured

bone metastasis

lung metastasis (embolus)

death of other cause (stroke)

death of operation complication

death and lung metastasis

death and transformation to malignant sarcoma with 2-4 X recurrences and/or
lung metastasis during FU

1 x local recurrence during FU

2% local recurrences during FU

2 X local recurrences +1 lung metastasis during FU

@ These progression events provided the basis for progression-free survival analyses using PWP gap-time models.

Table 4
Scoring scheme and the frequency of scores.

Cell cycle marker  Score
0 1 2 3 Noum
Minimal  Low Medium High
<1% 1=-<10% 10=- < 20% 20% <

Ki-67 MIB-1 10 57 71 16 154
< 1% 1=-<10% 10=- < 20% 20% <

Ki-67 SP6 4 25 97 28 154
< 5% 5=-<20% 20=- < 40% 40% <

Ki-67 B56 5 19 79 51 154
< 1% 1=-<10% 10=- < 40% 40% <

Mcm2 7 28 86 33 154
< 1% 1=-<5% 5=-<20% 20% <

Cyclin D1 2 66 57 29 154
<1% 1=-<5% 5=-<20% 20% <

Cdk4* 2 33 80 38 153
< 1% 1<-<5% 5=-<15% 15%<

Cdk2 2 34 67 51 154
< 5% 5=-<10% 10<=- < 20% 20% <

Cyclin A 29 54 55 16 154
< 3% 3=-<10% 10=- < 20% 20% <

Geminin 6 39 83 26 154
< 5% 1=-<10% 10=- < 30% 30%<

p21wafl 1 20 93 40 154
Diploid (DI = 1) Aneuploid (DI = 1)

Ploidy (DI) 134 20 154

DI: DNA index.
2 One Cdk4 could not be scored due to slide damage, hence it was left out
from all multivariate models which included Cdk4.

immunostained samples (n =215) using whole digital slides
(Pannoramic System, 3DHISTECH, Budapest, Hungary). To set appro-
priate scoring thresholds, each marker was manually scored in a
random subset of 20 cases in at least 3 different osteoclast/giant cell
rich high power fields (40 x) of each 2 mm diameter TMA core. Each
reader counted the proportion of the nuclear reactions in biomarker
positive mononuclear cells in relation to all mononuclear cells. For each
marker, the cut-off results were averaged among readers on a four-
grade scale (0 — minimal, 1 - low, 2 — medium, 3 - high proportion)
(Table 4). From the 154 surgical cases 215 TMA tissue cores were
created including duplicates from 56 cases (112), triplicate from a
single case (3) and a single sample from each of the remaining 100
cases. If different scores were given to duplicate or triplicate parallel
TMA samples (115/215, 53.5%), always the higher scores were con-
sidered for statistical analyses. Samples with discrepant scores among
readers were reassessed and consensus scores were agreed on. Cases
with incomplete scoring, missing clinicopathological or follow-up data
(3/157; 1.9%) were excluded (Table 1).

2.5. Statistical analysis

A stratified Cox-type model, the Prentice-Williams-Peterson gap-
time model (PWP-GT) of the SAS 9.4 software were used (SAS Institute
Inc., Cary, NC, USA) for time-to-event analyses, which can account for
multiple events per patient [62,63]. Biomarker expression marks were
dichotomized (negative: scores 0-1 versus positive: scores 2-3) re-
sulting in balanced number of cases within groups (Table 4).

The primary endpoint of the study was PFS defined as follows: re-
currence, local- (i.e. bone) or distant metastasis (e.g. lung), malignant
transformation (mostly into osteosarcoma), or death of any cause,
which made up a total of 40 progression events (Neyent = 40) (Tables 2-
3). Following univariate survival analysis with each marker, multi-
variate testing of all possible combinations up to 5 variables were done
using PWP models with the variable selection based on the Akaike In-
formation Criterion (AIC) [64]. AIC is favored in the setting of small
number of events for finding optimal number of predictor variables
[65]. Clinicopathological factors including age at diagnosis, gender,
localization, and treatment type were also considered in multivariate
models. Finally, additional interaction models were evaluated to check
whether the direction of effects stayed consistent and to uncover pos-
sible interactions between cell cycle marker expression levels [66].

We also performed time-to-first-event analyses to check whether the
inclusion of multiple events has an influence on the results. Four pa-
tients presented incongruent staining results i.e. were concurrently G1-
phase negative but post-G1 phase positive. In a sensitivity analysis by
repeated testing after discarding these patients we checked if previously
proposed models stayed stable. All tests were exploratory and p-values
of < 0.05 were considered significant.

The cell cycle profile was characterized with Spearman's rank cor-
relation coefficient based hierarchical clustering using dendrograms
(with complete linkage) and heat-maps [67]. This has the advantage of
taking into account how the proportions of pre- and post-G1 phase
marker positive cell fractions change concurrently instead of just using
their absolute distances [68]. For data visualization including Kaplan-
Meier survival curves [69] the R statistical environment (v.3.3.3) was
used [70].

3. Results
3.1. Study cohort characteristics

The clinicopathological and survival characteristics of the patients
are summarized in Tables 1-3. One hundred patients (72%) had primary
GCTB, while recurrent tumors made up 28% (39/139) of the cohort.
Three quarter of the cases (74%; 114/154) had benign course, whereas
progression events occurred in 26% (40/154) of which local re-
currences were 62.5% (25/40), 15% (6/40) showed malignant trans-
formation with fatal outcome. Pulmonary metastases (emboli) were
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Fig. 1. The majority of the proliferating, Ki67 positive mononuclear cells are CD163 negative (A, arrow), while many of them show smooth muscle actin (SMA)

positivity (B, arrow).

found in 13 cases (8.4%) during the entire disease course, and the
overall mortality rate was 7.9% (11/139).

3.2. Cell cycle marker detection in GCTB mononuclear cells

All cell cycle markers showed nuclear immunoreaction (except cdk2
and cdk4 which showed some additional cytoplasmic staining) and
positive cells were predominantly found in the mononuclear cell frac-
tion of GCTB, except for cyclin D1 and p21"%, which were also de-
tected in multinuclear giant cells. However, only the mononuclear cells
were considered at scoring. Most proliferating (Ki-67 positive) mono-
nuclear cells were negative for the macrophage specific scavenger re-
ceptor protein CD163 and occasionally a-SMA positive indicating
dominantly their stromal cell origin (Fig. 1). Expression of cell cycle
markers during phases of cell replication is summarized in Suppl.
Table 1.

3.3. Correlation based hierarchical clustering of cell cycle marker
expression in GCTB

Hierarchical cluster analysis based on Pearson's correlations showed
no major defects of the cell cycle regulation in GCTB (Fig. 2). Cyclin
dependent kinases showed the highest correlation with their respective
cyclins (cdk2-cyclin A) or inhibitors (cyclin D1—p21waﬂ) and clustered
around each other, except for cdk4. Also, the general proliferation
marker Ki-67, the replication licensing factor mem2 and its repressor
geminin formed a common subcluster. The extremely few mononuclear
cells showing phospho-histone H3 reaction did not allow a systemic
comparison and reflected a negligible M-phase cell fractions in this
GCTB cohort. This again supported the notion that proliferating cells in
GCTB progressed through the cycle without major cell cycle arrest.

3.4. Univariate analysis of cell cycle marker expression for progression-free
survival

Univariate survival analysis using PWP-gap time models revealed
that poly-/aneuploidy (p < 0.0001) against diploid chromosome set
and the elevated cyclin A (p < 0.001), geminin (p = 0.015), mcm2
(p = 0.016) and cyclin D1 (p = 0.022), positive mononuclear cell
fractions had significant negative association with PFS (Fig. 3). Of the
Ki67 immunoreactions, B56 (p = 0.0543) and Mib1 (p = 0.0564) clone
positive cell fractions showed also a strong positive trend towards re-
duced PFS.
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3.5. Model selection for cell cycle marker panel-based progression-free
survival analysis

3.5.1. Standard multivariate models without interaction

For standard models all possible combinations of cell cycle and
clinical markers up to 5 variables were used 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 = 0.0274),
mcm2 (HR = 2.64, 95% CI: 0.86-8.08, p = 0.0901). The second-best
model (AIC = 271.8) additionally involved cyclin A (HR = 1.62, 95%
CI: 0.81-3.23, p = 0.1732). The third (AIC 272.48) was made up by the
same markers as the second but without mem2, the fourth (AIC 273.18)
combined ploidy and cyclin D1 and the fifth was the same as the second
where cyclin A was substituted for geminin (AIC 273.30) (Table 5).

All multivariate models used a diploid case which was negative for
other markers as a reference (HR = 1) to predict hazard of progression.
Detailed analysis of the best multivariate model (including ploidy,
mcm?2, cyclin D1)-based prediction of PFS showed progressively in-
creasing hazards linked to elevated cell cycle commitment and ab-
normal chromosome numbers, in support of our modeling (Table 6).
For instance, a diploid but mem?2 positive case (i.e. cell cycle entry/
initial G1-phase) would show a 163% increased instantaneous hazard of
progression (HR = 2.63) compared to the reference. If this hypothetic
case was additionally cyclin D1 (G1-S phase transition) positive, the HR
would increase to 5.99. If these examples were non-diploid (poly-/an-
euploid, DNA index (DI = 1), the predicted HRs would go up to 16.33
and 37.11, respectively.

3.5.2. Interaction models for progression-free survival

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. 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 = 0.609), cyclin D1 (HR 1.89,
95%CI: 0.88-4.09, p = 0.105) and cyclin A (p < 0.0001). This is the
same as the second best performing standard model with a significant
interaction between cyclin A and mecm2 (p < 0.0001) where the main
effect of cyclin A stayed significant (p < 0.0001) and could be inter-
preted regardless of the interaction.

This model estimated similar HRs to the best standard multivariate
models without interaction term and also showed positive correlation
between increasing hazards and cell cycle phase progression (see details
in Suppl. Table 2). Survival curves of cell cycle phenotypes based on the
best interaction model predictions of progression hazard are presented
in Fig. 4.

The second-ranked multivariate interaction model (AIC = 273.5)
was very similar to this, as it was an extension of the best standard
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Fig. 2. Heatmap and dendrograms of unsupervised hierarchical clustering of cell cycle marker expression in GCTB mononuclear cells. Spearman's rank correlation
coefficients (rho) are seen in the colour scheme (upper-left corner) and as numbers inside boxes. Licensing related enzymes (mcm2-geminin) or cdks and their
respective cyclins (cdk2-cyclin A) or inhibitors (cyclin D1-p21“2%) are clustered around each other in line with their regulatory functions in a roughly normal

replication cycle.

model (ploidy, mem2 and cyclin D1) with an additional interaction
term between mem2 and cyclin D1.

3.5.3. Sensitivity analysis of cell cycle based prognostic markers on
progression free survival

After excluding those 4 patients with incongruent (post-G1 phase
positive, yet licensing negative) staining profiles, we found no relevant
interaction regardless of the model building strategy. The top ten
ranked models of the sensitivity analyses are presented in Suppl.
Table 3. The best-ranked model (AIC = 265.7) consisted of the same
markers as the 3rd top standard multivariate model including ploidy
(HR = 5.73, 95%CI: 4.74-6.72, p < 0.0001); cyclin A:HR = 2.25,
95%CI: 1.22-3.28, p = 0.0362; and cyclin D1:HR = 1.93, 95% CIL:
0.88-2.97, p = 0.0977). The model that additionally included gender/
sex ranked 3rd (AIC = 266.91). Combining the best model with clin-
icopathological factors such as treatment type (rank 4; AIC = 267.01),
treatment plus gender (rank 5; AIC = 267.4), or age at first diagnosis
(rank 9; AIC = 267.6) only occurred during sensitivity analyses. Models
with the addition of Ki-67 clone B56 (AIC = 267.4) and geminin
(AIC = 267.5) ranked 6th and 7th respectively.

Similar model to the strongest interaction model, but without any
interaction term ranked 8th and contained ploidy (HR 5.68, 95%CI:
4.68-6.68, p < 0.0001), cyclin A (HR 2.07, 95%CL 1.04-3.10,
p = 0.0839), cyclin D1 (HR 1.89, 95%CI: 0.86-2.93, p = 0.1053) and
mcm2 (HR 1.32, 95%CI: 0.42-2.23, p = 0.609).

4. Discussion

Despite its rarity and benign behavior GCTB, a locally aggressive
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osteolytic lesion, can seriously compromise skeletal functions resulting
in poor quality of life, severe pain and even fatal consequences [3].
Though GCTB shows high recurrence potential (up to 75%, depending
on treatment regimens) [3], occasional malignant transformation (up to
10%) and pulmonary metastases (up to 7%) [71], its clinical progres-
sion is still insufficiently understood and can be inaccurately predicted
[3,14,73]. Cell cycle integrates the effects of both the dysregulated
replication control and upstream growth signaling pathways, therefore,
elevated cell cycle progression is usually linked with less favorable
outcome of tumor evolution [13]. Accordingly, we performed an in situ
cell cycle analysis in a large cohort of 154 surgical GCTB cases from 139
patients using DNA flow cytometry and immunohistochemistry. Our
comprehensive marker testing revealed that GCTB patients with ele-
vated post-G1 phase mononuclear cell fractions had significantly in-
creased risk for reduced PFS.

Detection of aberrant and accelerated cell cycle progression has
emerged as a powerful diagnostic and prognostic tool in many tumor
types [28,45]. Though H3F3A G34W mutant neoplastic stromal cells
show elevated proliferation in culture [72], this genetic aberration af-
fects the vast majority (90-95%) of GCTB cases. Therefore, it is likely
that diverse proliferation rates among cases may result from the dif-
ferences in the proportions of H3F3A G34W neoplastic stromal cells, in
telomere associations [18], in the activation of upstream growth sig-
naling, e.g. through EGFR, c-Met or Wnt pathways [8,73,74], or in
deregulated Cx43 cell-communication [10]. Spearman's rank correla-
tion-based clustering [68] of cell cycle marker expression in our GCTB
cohort revealed close association between replication licensing (mcm2)
and cyclin-dependent kinases, and between cdk-s and their respective
cyclins or inhibitors. This implied no major cell cycle arrested fractions
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Fig. 3. Time-to-event (n = 153) Kaplan-Meier plots of cell cycle marker expression with the strongest univariate association with PFS using PWP gap-time models.
Expression levels were dichotomized along median scores, negative (blue) vs. positive (red). Hazard ratios (HR) are shown including 95% confidence interval (CI,
dashed lines), censoring is marked by “+ ”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in GCTB mononuclear cells [32].

The proliferating, Ki67 positive cell fraction (covering the whole
cycle), as we showed here with double immunolabeling, was dominated
by neoplastic stromal cells. Earlier studies of cell proliferation and
GCTB progression have used only a limited selection of individual
markers mostly testing only relatively low number of cases. These
suggested that increased frequency of the general proliferation marker
Ki-67 (Mibl clone) [12], the G1-phase indicator cyclin D1 and cyclin
D3 [51], the G2/M-phase promoter cyclin B1 [52] and the cdk4/6 in-
hibitor p21“% [53] positive cells can show significant positive
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correlation with GCTB recurrence and aggressive behavior. A recent
work in a large tumor cohort (n = 164) revealed that besides the fe-
moral and humeral localization, elevated number of cyclin D1 positive
giant cells were associated with GCTB relapses [54]. Though this study
used multivariate logistic regression with recurrence as a binary end-
point it did not consider repeated events of individual patients as op-
posed to our PWP-GT models. Therefore, earlier studies have neither
informed about the kinetics of the cell cycle, nor have modeled the
disease course with multiple recurring events.

Our univariate PWP-GT models showed ploidy (poly-/aneuploid vs
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Table 5

Top 10 multivariate PWP-models using AIC based model selection.
Rank Model description Criteria 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 Mibl AIC 273.38
8 Ploidy + Mcm2 + Cyclin D1 + Cdk2 AIC 273.41
9 Ploidy + Mcm2 + Cyclin D1 + Gender/Sex AIC 273.41
10 Ploidy + Mcm2 + Cyclin D1 + p21*af! AIC 273.42

Table 6

Best multivariate model-based prediction of progression-free survival (PFS).

Ploidy Mcm2 Cyclin D1 Hazard ratio (HR)
Diploid neg. neg. Reference = 1
Diploid neg. pos. 2.27

Diploid pos. neg. 2.63

Diploid pos. pos. 5.99

Aneuploid neg. neg. 6.19

Aneuploid neg pos. 14.09

Aneuploid pos. neg. 16.33

Aneuploid pos. pos. 37.11

diploid cases) and the expression in the mononuclear cell fraction of
cyclin-A and geminin as the strongest negative predictors of PFS fol-
lowed by mem2 and cyclin D1. This was consistent with an accelerated
cell cycle progression in the tumors of less favorable outcome in line
with published results e.g. in breast and renal cell carcinomas and in
melanomas [27,75,76]. These results were also in line with our cluster
analysis, where licensing related mcm2 levels showed higher

positive negative

-
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£ &
o
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correlation with those of the S-G2-M promoter cyclin A and the late cell
cycle repressor geminin [47,77] than with the G1-S phase catalyzers
cyclin D1 and cdk4 [14,76]. Positive cell fractions with B56
(p = 0.0543) and Mibl (p = 0.0564) clones recognizing Ki67 protein
also showed a strong trend towards reduced PFS. These findings con-
firmed that there was no major cell cycle arrested mononuclear cell
population in our GCTB series. Also, they may explain the inconsistent
published results of Ki67 detection in GCTB progression, which could
be tilted onto either side of the statistical conclusion depending on the
representation of this population in the chosen cohort [12,52,54,74].

Our multivariate PWP-GT models that considered the joint effect of
multiple markers, also reinforced the pivotal role of ploidy along with
cyclin D1, mem2 and cyclin A as the best panel members for predicting
PFS by offering the lowest AIC value. Earlier, we and other groups
published evidence on the chromosomal instability of GCTB stromal
cells including telomere associations, polysomies and individual-cell
aneusomies in association with tumor progression [9,10,16,17,78]. In
line with this and as an indicator of genomic instability, ploidy showed
the statistically most significant association with reduced PFS in all
models in the present study either with or without interaction including
the sensitivity analysis.

Of the G1-S-phase transition markers, our study is the first to focus
on cyclin D1 expression in GCTB mononuclear cells, which showed
invers statistical correlation with PFS as opposed to its complexing
partner cdk4/6 [14]. This imbalance suggested additional roles for
cyclin D1 to retinoblastoma phosphorylation [53] in neoplastic stromal
cells, which might involve components of osteoclastogenesis. Indeed, a
study of 32 GCTB cases disclosed widespread expression of both cyclin
D1 and cyclin D3 in giant cells and suggested a potential link between
this and GCTB pathogenesis but without testing mononuclear cells and
finding any correlation with tumor progression [52]. Concerning cyclin
D1 expression in giant cells, these findings were in agreement with
another work, which however tested only 16 cases (primary and re-
current) altogether [51]. Mononuclear cell cyclin D1 expression in
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Fig. 4. Representative images of the most significant nuclear cell cycle marker immunoreactions in positive and negative GCTB cases (A; DAB, brown; hematoxylin
counterstain blue). Scale bar: 50 um. Kaplan-Meier curves showing PFS risk groups based on differential marker expression in the mononuclear cell fractions (B).
Quiescent (diploid, mcm2, cyclin D1 and cyclin A negative) cases (green) were compared to diploid mem2, cyclin D1 positive and cyclin A negative G1-phase arrested
cases (light blue, HR = 2.50); to diploid post-G1l-phase, cyclin A positive cases (dark blue; HR = 5.18); and to poly-/aneuploid post-G1l-phase cases (red,
HR = 29.42). Reported hazard ratios are based on the best multivariate interaction model (for details see Suppl. Table 2). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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GCTB occurred in all of our top 10 multivariate tests and 9 of the top 10
models in the sensitivity analysis. Its negative correlation with PFS
stayed robust even after adjusting for the effect of ploidy and mem?2.

The expression of cyclin A, a post-G1l-phase marker, was tested for
the first time also by us in GCTB and found in the second-best multi-
variate immune panel. The complex of cyclin A and cdk2 promotes S-
phase and DNA synthesis and also controls the initiation of mitosis
through activating the cyclin Bl1-cdkl complex and orchestrating their
centrosomal and nuclear functions [79]. Though, neither mcm2 nor
cyclin A showed individual significance in standard multivariate
models after adjusting for the effects of other markers, they could sig-
nificantly improve the overall model performance and robustness in
terms of AIC values, which is probably due to the better coverage of the
cell cycle with their inclusion [80,81].

All these results were further verified when we tested for interac-
tions between biomarkers and their association with PFS and see if their
influence stays consistent across different expression levels.
Accordingly, the most robust multivariate interaction model was the
same as the best standard model added with cyclin A of a highly sig-
nificant main effect and its major interaction with mcm2 (both
p < 0.0001). Emergence of cyclin A in the panel allowed both the
reliable identification of the post-G1 (S-G2-M) phase cell fractions and
the G1-phase arrested (mcm2 and cyclin D1 positive but cyclin A ne-
gative) cases. Therefore, the results of multivariate analyses both with
or without interaction revealed a positive correlation between in-
creasing hazards and cell cycle phase progression consistent with re-
duced AIC scores when cyclin A was included. The central role of cyclin
A in DNA synthesis and S-G2-M phase was emphasized by its presence
in all the top 10 models of sensitivity analysis. Similar findings were
published in high grade osteosarcoma where patients with cyclin A
overexpression showed elevated risk for relapsing [82] and in mela-
noma where increased cyclin A positive post-G1l-phase cell fractions
differentiated them from dysplastic nevi [27].

Geminin, also an indicator of G2-M-phase cells, has been reported
too as a marker of tumor progression and adverse prognosis in colon
[83] and breast cancers [84], as well as in high-grade astrocytomas
[85]. In our study it served as a somewhat less prominent alternative of
cyclin A by occurring in the 5th best performing model of the whole
dataset and in the second highest ranked extended model, based solely
on cell cycle markers, during the sensitivity analysis. Notably, most
geminin positive cases were also cyclin A positive in our independent
blinded scoring. Therefore, it can also be a candidate for prognostic
modeling of GCTB similarly to those results published in renal cell and
breast carcinomas [75,76].

Interestingly, clinical variables emerged only during the sensitivity
analysis as non-significant but still relevant predictors. The effect of
surgical treatment on PFS was less critical compared to those of the cell
cycle markers. Gender/sex occurred only in the top 3rd model, surgical
treatment was seen in the 4th, treatment combined with gender in the
5th, and age at diagnosis in the 9th ranked model (see Table 8). Though
treatment was a non-significant predictor in our cohort, it could im-
prove model performance. In a large cohort study of Chinese GCTB
patients using uni- and multivariate Cox-proportional hazard analyses
showed that local recurrence rates after curettage was accompanied by
significantly higher frequency of recurrences than after using the more
invasive wide resection [86]. Additionally, they found shorter recur-
rence free periods for younger (< 30yrs) versus older (> 30yrs) pa-
tients but, somewhat contrasting to our analysis, no relevant gender
effect.

Optimizing cell cycle related antibodies by careful preselection and
setting up their reliable detection in formalin-fixed paraffin-embedded
sections, as well as by using pretested antigen retrieval conditions and
highly sensitive detection polymer system, were key factors for reliable
and reproducible immunoreaction and analysis in this and our earlier
study [27]. The feasibility of this approach is supported by the fact that
despite blinded scoring, implausible staining (post-G1 phase positive,
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yet licensing negative) results occurred only in four cases (2.6%). As a
result, this is the first study of utilizing a comprehensive cell cycle-
based phenotyping of GCTB statistically tested with the most appro-
priate AIC-based PWP survival modeling, which account for multiple
recurrences during the course of the disease [63].

5. Conclusions

In conclusion, ploidy and in situ detection of a subset of distinct cell
cycle phase indicators including the replication licensing mcm2, the
Gl-phase cyclin D1 and the S-G2-M phase cyclin A can cover key reg-
ulatory elements of cell replication and allow relevant survival phe-
notyping of GCTB cases. Detecting this restricted panel of antigens
using immunocytochemistry and of ploidy with flow cytometry at
reasonable costs are available in centers of soft tissue pathology. This
approach can be exploited for identifying GCTB patients with higher
risk of recurrence where more careful follow up and/or adjuvant
RANKL inhibitor or bisphosphonate treatment may additionally be re-
quired.
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