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R Elaidi14, S Oudard2,14 and J Zucman-Rossi1,2,14

1Inserm, UMR-1162, Génomique Fonctionnelle des Tumeurs Solides, IUH, rue Juliette Dodu 27, F-75010 Paris, France; 2Université
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de Sèvres 149, F-75015 Paris, France; 11Department of Pathology, University Hospitals Leuven, KU Leuven, Herestraat 49, B-3000
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13Department of Urology, Assistance Publique-Hôpitaux de Paris, Hôpital Européen Georges Pompidou, Rue Leblanc 20, F-75015
Paris, France and 14Department of Medical Oncology, Assistance Publique-Hôpitaux de Paris, Hôpital Européen Georges
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Background: Bone metastases (BMs) are associated with poor outcome in metastatic clear-cell renal carcinoma (m-ccRCC) treated
with anti-vascular endothelial growth factor tyrosine kinase inhibitors (anti-VEGFR-TKIs). We aimed to investigate whether
expression in the primary tumour of genes involved in the development of BM is associated with outcome in m-ccRCC patients
treated with anti-VEGFR-TKIs.

Methods: Metastatic clear-cell renal cell carcinoma patients with available fresh-frozen tumour and treated with anti-VEGFR-TKIs.
Quantitative real-time PCR (qRT–PCR) for receptor activator of NF-kB (RANK), RANK-ligand (RANKL), osteoprotegerin (OPG), the
proto-oncogene SRC and DKK1 (Dickkopf WNT signalling pathway inhibitor-1). Time-to-event analysis by Kaplan–Meier estimates
and Cox regression.

Results: We included 129 m-ccRCC patients treated between 2005 and 2013. An elevated RANK/OPG ratio was associated with
shorter median time to metastasis (HR 0.50 (95% CI 0.29–0.87); P¼ 0.014), shorter time to BM (HR 0.54 (95% CI 0.31–0.97);
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P¼ 0.037), shorter median overall survival (mOS) since initial diagnosis (HR 2.27 (95% CI 1.44–3.60); P¼ 0.0001), shorter median
progression-free survival (HR 0.44 (95% CI 0.28–0.71); P¼ 0.001) and mOS (HR 0.31 (95% CI 0.19–0.52); Po0.0001) on first-line anti-
VEGFR-TKIs in the metastatic setting. Higher RANK expression was associated with shorter mOS on first-line anti-VEGFR-TKIs (HR
0.46 (95% CI 0.29–0.73); P¼ 0.001).

Conclusions: RANK/OPG ratio of expression in primary ccRCC is associated with BM and prognosis in patients treated with anti-
VEGFR-TKIs. Prospective validation is warranted.

About one-third of all metastatic clear-cell renal cell carcinoma
(m-ccRCC) patients display bone metastases (BMs; Beuselinck
et al, 2011). In m-ccRCC patients treated with anti-vascular
endothelial growth factor tyrosine kinase inhibitors (anti-VEGFR-
TKIs), the presence of BM is a negative prognostic marker: in a
series of 223 m-ccRCCs treated first line with sunitinib, we
observed a median progression-free survival (mPFS) of 8.2 vs 19.1
months (Po0.0001) and a median overall survival (mOS) of 19.5
vs 38.5 months (Po0.0001) in patients with and without bone
involvement. RR on sunitinib was 35% and 55%, respectively
(Beuselinck et al, 2011). The impact of the presence of BM on RR
and/or mOS was confirmed in subsequent publications (Patil et al,
2011; Motzer et al, 2013; McKay et al, 2014).

Recently, our team has described an expression profile-based
classification of ccRCCs with four robust molecular subgroups
(Beuselinck et al, 2015). These subtypes are associated with distinct
RR, mPFS and mOS when treated with sunitinib in first-line
metastatic setting. ccrcc3 (‘normal like’) and ccrcc2 (‘classical’)
tumours are associated with good, ccrcc1 tumours (‘c-myc-up’)
with intermediate and ccrcc4 tumours (‘c-myc-up and immune-
up’) with poor outcome in terms of RR, mPFS and mOS.

Several genes such as RANK, RANKL, OPG, SRC and DKK1
were previously identified associated with the development of BM.
In bone, receptor activator of NF-kB ligand (RANKL) binds to
receptor activator of NF-kB (RANK) stimulating osteoclast
formation, activity and survival. Osteoprotegerin (OPG), produced
by osteoblasts and stromal cells, is a soluble decoy receptor for
RANKL and potent inhibitor of bone resorption. Through its
binding to RANKL, OPG inhibits osteoclast differentiation by
preventing RANKL–RANK interactions (Jung et al, 2004). SRC is
an important determinant for bone tropism. DKK1, as a WNT
protein antagonist, inhibits osteoblasts and stimulates osteoclasts
(Clezardin and Teti, 2007).

These five genes can be expressed by ccRCC cells. RANK and
RANKL are both present on the surface of tumour cells at a higher
level than in normal kidney tissue (Clezardin and Teti, 2007;
Mikami et al, 2009). RANK expression correlates with a more
aggressive behaviour of the tumour. OPG expression is lower in
ccRCC cells than in normal kidney tissue (Mikami et al, 2009).
SRC is often overexpressed in renal cell carcinoma (RCC) and
cancer cells can secrete DKK1.

The RANK/RANKL/OPG pathway is not only involved in bone
destruction in patients with BM but also in cell migration,
osteoclast-independent tumorigenesis and de novo metastasis.
RANKL triggers the migration of tumour cells expressing RANK
to the bone and to other organs. In a series of 96 ccRCCs, elevated
RANKL and RANK expression with low OPG expression in the
primary RCC tumour was significantly associated with shorter
disease-free survival, shorter BM-free survival and shorter disease-
specific survival (Mikami et al, 2009). DKK1 acts as a tumour
suppressor gene that induces apoptosis and inhibits proliferation in
human RCC (Hirata et al, 2011).

Nevertheless, the impact of the expression levels of these genes
on outcome in m-ccRCC patients treated with anti-VEGFR-TKIs is
unknown. We aimed to investigate the relationship between
tumour expression of RANK, RANKL, SRC, OPG and DKK1 with

the occurrence of (bone) metastasis in ccRCC and with outcome in
m-ccRCC treated with anti-VEGFR-TKIs.

MATERIALS AND METHODS

In the tumour bank of the Hôpital Européen Georges Pompidou
(Paris, France), and the University Hospitals Leuven (Belgium), we
searched for m-ccRCC patients treated with sunitinib, sorafenib or
pazopanib as first-line anti-VEGFR-TKIs with available archived
frozen primary tumour. All patients underwent nephrectomy as
first therapeutic intervention and the moment of nephrectomy was
considered as the moment of initial diagnosis of the disease.
Previous immunotherapy or chemotherapy was allowed, but
previous exposure to other targeted therapies was an exclusion
criterion. The study was approved by the Ethics Committee of the
different institutions. Signed consent was obtained from all
patients. In some cases, we used biological material from patients
who had already died and for whom a general positive advice for
the utilisation of remaining tissue was foreseen by the institutional
board.

Using the High Capacity Transcription kit from Life Technologies
(Thermo Fisher Scientific, Waltham, MA, USA), 500 ng of total
RNA was reverse transcribed in a final volume of 50 ml.
Quantitative RT–PCR reactions were performed using the high-
throughput BioMark qRT-PCR system (Fluidigm, South San
Francisco, CA, USA). Preamplifications of 6 ng cDNA were
performed using PreAmp Master Mix (Thermo Fisher Scientific).
A primer mix was prepared combining each primer used in the
present study except the RNA actine-B (ACTB) probe. A measure
of 1ml of TaqMan PreAmp Master Mix (Thermo Fisher Scientific)
was mixed with 1ml of the pooled primer mix and 3ml of diluted
cDNA (2 ng/ml), and incubated at 95 1C for 2 min and 14 cycles of
95 1C for 15 s and 60 1C for 4 min. Pre-amplified cDNAs were
diluted 1 : 5 in DNAse/RNAse-free water before qRT–PCR. Gene
expression mRNA was analysed by qRT–PCR performed in
Dynamic Array Integrated Fluidic Circuits on the Biomark HD
system (Fluidigm, South San Francisco, CA, USA). We combined
3.5 ml of Taqman Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, USA) and 0.35 ml 20� GE Sample
Loading Reagent (GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, UK) with 3.15ml of diluted pre-amplified cDNA
and transferred 5ml from this previous mix to the sample inlets of a
96.96 Dynamic Arrays. Quantitative RT–PCR was performed on
the BioMark HD reader (Fluidigm, 50 1C for 2 min, 70 1C for
30 min, 25 1C for 10 min, 96.5 1C for 10 min, followed by 40 cycles
of 96.5 1C for 15 s and 60 1C for 1 min). Expression data
(CT values) were acquired using the Fluidigm qRT–PCR Analysis
software (4.1.3, Fluidigm). ACTB was used for the normalisation of
expression data. Supplementary Table 1 provides the gene symbol,
gene name and Applied Biosystems Assay ID number for the genes
studied. All time-to-event analyses were carried out with D-CT
normalised expression data. The comparison between expression
levels in normal and tumoral tissue and the correlation with the
expression profile-based ccRCC classification were analysed with
2�DDCT normalised expression data.
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The International Metastatic RCC Database Consortium
(IMDC) prognostic score was retrospectively calculated for
each patient (Heng et al, 2009). Patients underwent follow-up
medical imagery (with ultrasonography and RX chest or computed
tomography of the chest and abdomen) every 3–6 months between
initial nephrectomy and the diagnosis of metastases and follow-up
computed tomography (chest and abdomen) every 2–3 months
during anti-VEGFR-TKI treatment. Bone scintigraphy, a modality
with low sensitivity to detect osteolytic BMs, was made on clinical
indication. Pathology slides were reviewed by expert genitourinary
pathologists. All tumour samples were classified according to the
molecular ccrcc1–4 classification (Beuselinck et al, 2015).

Endpoints of the study were time to metastasis (defined as the
time between nephrectomy and development of metastases) and
time to BM (defined as the time between nephrectomy and
development of BM), mOS since initial diagnosis of the primary
tumour and outcome on first-line anti-VEGFR-TKIs as measured
by RR, mPFS and mOS since start of anti-VEGFR-TKIs. In most
cases, an objective response was defined according to Response
Criteria in Solid Tumours (RECIST 1.0). Bone metastases were
detected by computed tomography and bone scintigraphy. Patients
who stopped therapy for toxicity before reaching the first
evaluation were excluded. We studied the impact of the five
individual genes on the end points. As OPG is the natural
antagonist of RANKL, we also studied the impact of the
RANK/OPG and RANKL/OPG ratio.

Expression levels were compared with unpaired T-test and
ANOVA. Proportions were compared with Fisher exact test. The
association between the different factors and time to events was
studied by a Cox proportional hazards model. P-values were
calculated with the log-rank Mantel–Cox test. Factors with a
Po0.2 in univariate analysis were considered for multivariate
analysis. A Bonferroni correction was used to exclude false-positive
results due to multiple testing. Given the fact that in this study we
correlated the expression level of five genes and two ratios of
expression with six end points, we divided the threshold for
significance of o0.05 by 42. Thus, the new threshold for
significance of the P-value was o0.0012. This Bonferroni
correction was in particular important for the novel associations
between expression levels and mPFS and mOS on treatment with
anti-VEGFR-TKIs in the metastatic setting. Concerning the
association between the expression levels of these genes and the
development of (bone) metastases, as well as OS since initial
diagnosis, we found that our data are a validation of the data of
Mikami et al (2009). In a validation perspective, a Bonferroni
correction is not strictly required. Statistical analysis
was performed using Prism GraphPad (GraphPad Software, La
Jolla, CA, USA) and Addinsoft XLStat (Addinsoft, Paris, France).

RESULTS

Included patients. We identified 129 patients with frozen
nephrectomy specimens corresponding to the inclusion criteria
(France: 74, Belgium: 55). Median follow-up of the patients was
144 months since initial diagnosis (range 3–225) and 75 months
since the start of anti-VEGFR-TKIs (range 1–108). Table 1 shows
the patient characteristics and Supplementary Figure 1, a flowchart
with the inclusion in the different sub-studies. Concerning the
time-to-metastasis analysis (Supplementary Figure 1A): in 56
patients, the nephrectomy was performed in a curative intent, but
all these patients eventually developed metachronous metastases:
these patients were included in the time-to-metastasis analysis. In
68 patients, the nephrectomy was performed in the presence of
synchronous metastases and in the five remaining patients, the
precise moment of development of metastasis was unknown.
Concerning the time-to-BM analysis (Supplementary Figure 1B):

in 12 patients, BMs were present at initial diagnosis; the remaining
117 patients were included in the time-to-BM analysis. Concerning
the analysis of mOS since initial diagnosis, all patients were
evaluable. Concerning the analysis of efficacy on anti-VEGFR-TKIs
in the metastatic setting (Supplementary Figure 1C): all patients
were evaluable for mOS after start of first-line anti-VEGFR-TKIs.
In two patients, BMs were the only site of metastasis at start of
anti-VEGFR-TKIs. As it was not possible to define RECIST
response in these patients, they were excluded from the PFS and
RR analysis.

Gene expression in normal and tumoral kidney tissue and
correlation with the ccrcc classification and copy-number
gains/losses. We observed higher RANK (P¼ 0.003), lower SRC
(P¼ 0.002) and lower OPG expression (P¼ 0.003) in tumours
compared with normal kidney (n¼ 9). DKK1 and RANKL
expression were similar in tumours compared with normal tissue
(Supplementary Figure 2). Gene expression was not correlated
except for OPG and SRC (r2¼ 0.138; Po0.0001; Supplementary
Table 2). All the genes demonstrated a Gaussian distribution of
their expression level and we further analysed the data using the
median value of each gene as cutoff (Supplementary Figure 3).
DKK1 (P¼ 0.01) and OPG expression (Po0.0001) were higher
and RANK expression (P¼ 0.03), RANK/OPG ratio (Po0.0001)
and RANKL/OPG ratio (P¼ 0.0008) lower in good prognosis
ccrcc2/ccrcc3 tumours compared with intermediate prognosis
ccrcc1 and poor prognosis ccrcc4 tumours. SRC expression was
significantly higher in ccrcc3 tumours compared with the other
subgroups (P¼ 0.002). Copy-number data were available for 84
patients. No association between mRNA expression and copy-
number gains or losses was found at locus 18q22 (RANK), 8q24
(OPG), 13q14 (RANKL) and 20q12 (SRC). Copy-number data for
10q11 (DKK1) were not available.

Gene expression and time to metastasis. A total of 56 patients
who underwent a nephrectomy with curative intent were included
in this analysis. They all eventually developed metachronous
metastases after a median time to metastasis of 16 months.
On univariate analysis, lower DKK1 expression (P¼ 0.01) and an
elevated RANK/OPG ratio (P¼ 0.03) were associated with shorter
median time to metastasis (Table 2; Figure 1A). Higher T-stage at
initial diagnosis (T3 or T4 vs T1 or T2) (P¼ 0.03) and higher
Fuhrman grade (grade 4 vs grade 1þ 2þ 3; P¼ 0.17) were
associated with shorter median time to metastasis with a Po0.2.
Sarcomatoid dedifferentiation (p25% vs 425%; P¼ 0.9), sex
(P¼ 0.37), 8Q24 amplification (P¼ 0.26), the molecular ccrcc1–4
classification (P¼ 0.48) and age at diagnosis (median; P¼ 0.74)
were not. Two multivariate analyses were carried out, including
T-stage (recoded as T1þ 2 vs T3þ 4), Fuhrman grade and
DKK1 expression or the RANK/OPG ratio. DKK1 expression
was not associated with time to metastasis. The RANK/OPG ratio
was independently associated with time to metastasis (HR 0.50
(95% CI 0.29–0.87); P¼ 0.014). The results for the RANK/OPG
ratio did not reach the level of significance calculated
after Bonferroni correction for multiple testing (Po0.0012).
Nevertheless, these results are an external validation of the results
of Mikami et al (2009).

Gene expression and time to BM. Only patients (n¼ 117)
without BM at nephrectomy were included in this analysis. In 52
patients, BM appeared later during the course of the disease after a
median time to BM of 26.5 months. A total of 65 patients remained
BM free at the time of analysis. In the total group of patients
without BM at nephrectomy, median time to BM was 77 months.
An elevated RANK/OPG ratio was associated with a shorter
median time to BM (P¼ 0.04; Figure 1A; Table 2). During the
whole course of the disease, 86% of the patients with tumours with
an elevated RANK/OPG ratio developed BM, compared with 49%
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of the patients with tumours with a low RANK/OPG ratio
(Po0.0001). Higher Fuhrman grade (grade 4 vs grade 1þ 2þ 3;
P¼ 0.18) and age at diagnosis (omedian; P¼ 0.08) were
associated with shorter time to BM with a Po0.20, whereas
T-stage at initial diagnosis (P¼ 0.27), sarcomatoid dedifferentia-
tion (p25% vs 425%; P¼ 0.27), 8Q24 amplification (P¼ 0.49),
the molecular ccrcc1–4 classification (P¼ 0.46) and sex (P¼ 0.23)
were not. In multivariate analysis, including age at diagnosis,
Fuhrman grade and the RANK/OPG ratio, the RANK/OPG ratio
remained associated with shorter time to BM (HR 0.54 (95% CI
0.31–0.97), P¼ 0.037). Again, the results for the RANK/OPG
ratio did not reach the level of significance calculated
after Bonferroni correction for multiple testing (Po0.0012).
Nevertheless, these results are an external validation of the results
of Mikami et al (2009).

Gene expression and mOS since initial diagnosis. All the
patients (n¼ 129) were evaluable for this analysis. Median overall
survival since initial diagnosis was 49 months. Lower OPG
expression (P¼ 0.001), lower DKK1 expression (P¼ 0.003), higher
RANK/OPG ratio (Po0.0001) and higher RANKL/OPG ratio
(P¼ 0.008) were associated with shorter OS since diagnosis
(Figure 1C; Table 2). A higher T-stage at initial diagnosis (T3 or
T4 vs T1 or T2; P¼ 0.06), 8Q24 amplification (P¼ 0.11),
sarcomatoid dedifferentiation (425%; P¼ 0.0006), the molecular
ccrcc1–4 classification (ccrcc1 and ccrcc4 vs ccrcc2 and ccrcc3;
P¼ 0.008), age at diagnosis (4median) (P¼ 0.19) and higher
Fuhrman grade (grade 4 vs grade 1þ 2þ 3; P¼ 0.019) were
associated with shorter OS since initial diagnosis with a Po0.2
whereas sex (P¼ 0.77) was not. As data on 8Q24 amplification
were missing in numerous patients, this factor was not included in

Table 1. Included patients

Total
RANK/OPG
4median

RANK/OPG
omedian P-value

Patient characteristics at initial diagnosis
Mean age (years) 60 60 61 NS

Male 71% (92/129) 70% (45/64) 72% (47/65) NS

T-stage at diagnosis
T1þT2 31% (40/127) 33% (21/63) 30% (19/64) NS
T3þT4 69% (87/127) 67% (42/63) 70% (45/64) NS

Metastasis at initial diagnosis 52% (65/124) 53% (31/59) 52% (34/65) NS

Fuhrman
Grades 1–3 40% (52/129) 30% (19/64) 51% (33/65) 0.015
Grade 4 60% (77/129) 70% (45/64) 49% (32/65)

Sarcomatoid dedifferentiation (Beuselinck et al, 2014)
0% 66% (82/125) 60% (37/62) 73% (46/63) 0.11
1–24% 26% (32/125) 27% (17/62) 24% (15/63) NS
X25% 8% (10/125) 13% (8/62) 3% (2/65) 0.035

ccRCC classification
Ccrcc1 (c-myc-up) 33% (38/116) 50% (28/56) 17% (10/60) 0.0001
Ccrcc2 (classical) 41% (47/116) 20% (11/56) 60% (36/60) o0.0001
Ccrcc3 (normal like) 12% (14/116) 7% (4/56) 17% (10/60) 0.12
Ccrcc4 (c-myc-up and immune-up) 15% (17/116) 23% (13/56) 7% (4/60) 0.012

Patient characteristics at start of anti-VEGFR-TKI
Karnofsky performance status o80 12% (15/125) 21% (13/62) 3% (2/63) 0.002

Neutrophils 44.500 mm� 3 43% (54/127) 44% (28/63) 41% (26/64) NS

Platelets 4400.000 mm� 3 13% (17/127) 13% (8/63) 14% (9/64) NS

Haemoglobin o11.5 g dl� 1 (women) or o13 g dl� 1 (men) 41% (52/126) 47% (29/62) 36% (23/64) NS

LDH41.5� ULN 8% (9/120) 8% (5/59) 7% (4/61) NS

Corrected calcium410 mg dl� 1 5% (6/119) 7% (4/59) 2% (1/60) 0.16

Time nephrectomy to systemic treatment o12 months 66% (82/125) 72% (44/61) 59% (38/64) 0.13

Immunotherapy prior toanti-VEGFR-TKI 26% (33/127) 23% (14/62) 29% (19/65) NS

Site of metastasis
Lung 80% (103/129) 84% (54/64) 75% (49/65) NS
Liver 16% (20/129) 17% (11/64) 14% (9/65) NS
Brain 7% (9/129) 11% (7/64) 3% (2/65) 0.08
Bone 29% (37/129) 28% (18/64) 29% (19/65) NS
Mean number 2.17 2.27 2.08 NS

IMDC prognosis
Favourable 13% (16/122) 10% (6/60) 16% (10/62) 0.31
Intermediate 60% (73/122) 57% (34/60) 63% (39/62) NS
Poor 27% (33/122) 33% (20/60) 21% (13/62) 0.12

First-line TKI
Sunitinib 78% (101/129) 78% (50/64) 78% (51/65) NS
Sorafenib 11% (14/129) 14% (9/64) 8% (5/65) NS
Pazopanib 11% (14/129) 8% (5/64) 14% (9/65) NS

During the whole course of the disease
Bone metastasis 67% (87/129) 86% (55/64) 49% (32/65) o0.0001

Abbreviations: Anti-VEGFR-TKI¼Anti-vascular endothelial growth factor receptor tyrosine kinase inhibitor; NS¼ not significant (PX0.2); IMDC¼ International Metastatic Renal Cell Carcinoma
Database Consortium; ULN¼ upper limit of normal. P-values were calculated with a Fisher exact test.
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the multivariate analysis. Four multivariate analyses were carried
out including age at diagnosis, sarcomatoid dedifferentiation,
Fuhrman grade and T-stage (recoded as T1þT2 vs T3þT4) and
one of the four molecular markers associated with mOS since
initial diagnosis on univariate analysis. OPG (HR 1.87 (95% CI
1.19–2.94); P¼ 0.006), the RANK/OPG ratio (HR 2.27 (95% CI
1.44–3.60); P¼ 0.0001) and the RANKL/OPG ratio (HR 1.60
(95% CI 1.02–2.51); P¼ 0.042) remained as independently
associated with shorter OS since diagnosis. Only for the RANK/
OPG ratio, the P-value was below the level of significance
calculated after Bonferroni correction for multiple testing
(Po0.0012). Nevertheless, these results are an external validation
of the results of Mikami et al (2009).

Gene expression and outcome on anti-VEGFR-TKIs in the
metastatic setting. In the vast majority of cases, anti-VEGFR-
TKIs were started at the labelled dose: 50 mg per day 4 weeks on/2
weeks off for sunitinib and 800 mg per day continuously for
sorafenib and pazopanib. Global mPFS on first-line anti-VEGFR-
TKI was 12 months and mOS since start of anti-VEGFR-TKI 26
months. On univariate analysis, a high RANK expression
(P¼ 0.006 and P¼ 0.001, respectively) and low OPG expression
(P¼ 0.01 and P¼ 0.0008, respectively) were associated with
shorter mPFS and mOS after start of anti-VEGFR-TKI. Lower
DKK1 expression was associated with a shorter mPFS (P¼ 0.02).
Elevated RANK/OPG and RANKL/OPG ratios were associated
with shorter mPFS (P¼ 0.0002 and P¼ 0.047, respectively) and
mOS (Po0.0001 and P¼ 0.003, respectively; Figure 1D and E;
Table 2). Early progressive disease was significantly more frequent
in patients with tumours with low OPG expression (P¼ 0.007) and
high RANK/OPG (P¼ 0.007) and RANKL/OPG ratio (P¼ 0.008).
We did not find any association between expression levels of the
genes and partial responses.

The factors that were taken into account for the multivariate
analysis for mPFS and mOS were: baseline neutrophils, baseline
platelets, baseline Karnofsky PS, baseline haemoglobin, time from
diagnosis to systemic therapy, the presence of liver metastasis and
BM, sarcomatoid dedifferentiation and each of the molecular

markers that was associated with mPFS or mOS on univariate
analysis. The IMDC risk groups were not taken into account,
because we included the factors that are part of this score.
On multivariate analysis, RANK (HR 1.87 (95% CI 1.20–2.92);
P¼ 0.006), OPG (HR 0.59 (95% CI 0.37–0.93); P¼ 0.023) and
DKK1 (HR 1.72 (95% CI 1.11–2.66); P¼ 0.015) were indepen-
dently associated with mPFS. RANK (HR 0.46 (95% CI 0.29–0.73);
P¼ 0.001), OPG (HR 0.51 (95% CI 0.32–0.81); P¼ 0.005) and the
RANKL/OPG ratio (HR 1.68 (95% CI 1.04–2.70); P¼ 0.033) were
independently associated with mOS. However, the RANK/OPG
ratio was the strongest independent factor associated with mPFS
(HR 0.44 (95% CI 0.28–0.71); P¼ 0.001) and mOS (HR 0.31
(95% CI 0.19–0.52); Po0.0001; Table 3). Both P-values for the
RANK/OPG ratio were below the level of significance calculated
after Bonferroni correction for multiple testing (Po0.0012). This
was also the case for the association between RANK and mOS.

Correlations with the RANK/OPG ratio. As it was most
significantly associated to time to (bone)metastasis and outcome
(PFS and OS on anti-VEGFR-TKIs and OS since initial diagnosis),
we further focused on the RANK/OPG ratio. Tumours with an
elevated RANK/OPG ratio were more often Fuhrman grade 4
(P¼ 0.015) and had more often an important component of
sarcomatoid dedifferentiation (as defined 425%; P¼ 0.035).
Patients with an elevated RANK/OPG ratio had more often a
low Karnofsky performance status (P¼ 0.002) at start of anti-
VEGFR-TKIs. The RANK/OPG ratio was strongly correlated with
the molecular ccrcc1–4 classification (Table 1).

Internal validation. As an internal validation, we performed all
time-to-event analyses for low and high RANK/OPG ratio
separately in the subgroup of Belgian (n¼ 55) and French
(n¼ 74) patients. The results are reported in Table 4. For mOS
since initial diagnosis, mPFS on first-line anti-VEGFR-TKIs and
mOS since start of anti-VEGFR-TKIs, the same clinically and
statistically significant differences were found in both subgroups.
For time to metastasis and time to BM, the differences in both
subgroups were not statistically significant, but the same trend was
observed.

Table 2. Impact of genes associated with the development of bone metastases on outcome

Time to
metastasis

Time to bone
metastasis

RR on first-line
anti-VEGFR-TKI

PFS under
first-line

anti-VEGFR-TKI

OS since start
of first-line

anti-VEGFR-TKI

OS since initial
diagnosis

Mos P-value Mos P-value % PD P-value Mos P-value Mos P-value Mos P-value
Global 16 NA 77 NA 13% (16/127) NA 12 NA 26 NA 49 NA

RANK 4median 14.5 0.93 57 0.99 14% (9/65) 0.66 11 0.006 23 0.001 43 0.08

RANK omedian 18.5 82 11% (7/62) 16 0.006 (MV) 50 0.001 (MV) 67

RANKL 4median 16 0.68 82 0.48 16% (10/63) 0.27 14 0.76 28 0.81 44 0.35

RANKL omedian 14 57 10% (6/64) 12 25 53

OPG 4median 24.5 0.18 110 0.21 5% (3/64) 0.007 18 0.01 39 0.0008 68 0.001

OPG omedian 11.5 52 21% (13/63) 9.5 0.023 (MV) 21 0.005 (MV) 37 0.006 (MV)

DKK1 4median 28 0.01 110 0.33 11% (7/64) 0.57 16 0.02 31 0.05 76 0.003

DKK1 omedian 10 0.22 (MV) 52 14% (9/63) 10 0.015 (MV) 23 39 0.1 (MV)

SRC 4median 24.5 0.05 77 0.69 14% (9/65) 0.66 12 0.82 27 0.84 45 0.78

SRC omedian 10.5 70 11% (7/62) 12 26 53

RANK/OPG 4median 8 0.03 39 0.04 21% (13/63) 0.007 9 0.0002 19 o0.0001 37 o0.0001

RANK/OPG omedian 28 0.014 (MV) 155 0.037 (MV) 5% (3/64) 19 0.001 (MV) 45 o0.0001 (MV) 76 0.0001 (MV)

RANKL/OPG 4median 12 0.79 52 0.58 20% (13/64) 0.008 10 0.047 21 0.003 37 0.008

RANKL/OPG omedian 20 155 5% (3/63) 16 0.35 (MV) 35 0.033 (MV) 67 0.042 (MV)

Abbreviations: anti-VEGFR-TKI, anti-vascular endothelial growth factor tyrosine kinase inhibitor; Mos¼months; MV, multivariate; NA¼not applicable; OS¼overall survival; PD¼progressive
disease; PFS¼progression-free survival; RR¼ response rate P-values were calculated with the log-rank test for time to events and with a Fisher exact test for the comparison of proportions.
All P-values are on univariate analysis, except the P-values followed by (MV). These are the result of the multivariate analysis.
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External validation on the TCGA cohort. The TCGA cohort
(Cancer Genome Atlas Research N, 2013) includes extended
molecular data but reduced clinical data. Data on the development
of (bone) metastases and on response on anti-VEGFR-TKIs are not
available, only OS data since nephrectomy are reported. In 232
samples with 66 events, RANK and RANKL expression were
associated with OS since nephrectomy (HR 1.23, P¼ 0.03 and HR
1.17, P¼ 0.01, respectively). DKK1, OPG and SRC expression were
not associated with OS. The RANK/OPG ratio was also associated
with OS (HR 1.18, P¼ 0.03). Note that the TCGA patient series is
different of our series: in our series, all patients eventually
developed metastases and started with systemic therapy. Although
the follow-up time is long, the number of events is also relatively
low in the TCGA series.

DISCUSSION

Bone involvement in ccRCC is associated with poorer outcome on
anti-VEGFR-TKIs and genes such as RANK, RANKL, OPG, SRC
and DKK1 are associated with the development of BM. Therefore,
we aimed to investigate the relationship between tumour
expression of these genes with the occurrence of BM and with
survival during treatment with anti-VEGFR-TKIs.

In summary, we found that an elevated RANK/OPG ratio of
expression in the primary kidney tumour is associated with shorter
time to metastasis and time to BM, shorter mOS since initial
diagnosis and, finally, shorter mPFS and mOS on anti-VEGFR-
TKIs administered in the metastatic setting. Elevated RANK
expression in the primary tumour was also associated with shorter
mOS on anti-VEGFR-TKIs.

At start of anti-VEGFR-TKIs, we noticed in both subgroups
(RANK/OPG ratio low and high) the same number of patients
with synchronous metastases at initial diagnosis, the same mean
number of metastatic sites and the same number of patients with
BM. Nevertheless, the moment of diagnosis of the disease and the
moment on which systemic therapy has to be started are influenced
by clinical complaints caused by disease progression. The tumoral
evolution between the initial diagnosis and the start of systemic
therapy was slower in RANK/OPG-low than in RANK/OPG-high
tumours.

The major limitation of the study is the bias that can occur with
random sampling in the nephrectomy specimen. ccRCC is known
to be a heterogeneous tumour (Gerlinger et al, 2012). As a
consequence, the expression of RANK, RANKL, OPG, SRC and
DKK1 can be different depending on the site of sampling.
Moreover, we studied the correlation between expression at the
nephrectomy specimen but not at metastatic sites. In a consider-
able part of the patients, there was a long delay between the
resection of their primary tumour and the occurrence of
metastases, in which the expression levels of these genes can be
different compared with the expression in the primary nephrect-
omy specimen.

An 8q21 amplification was described to be a negative prognostic
factor in m-ccRCC patients treated with sunitinib (Beuselinck et al,
2015) and 8q amplification is known to be a negative prognostic
factor after nephrectomy (Klatte et al, 2012). Therefore, the fact
that OPG, located at locus 8q24, has a protective role, was
somewhat surprising. Nevertheless, no association was found
between 8q24 amplification and OPG expression in our patients.

In a series of 96 ccRCCs, Mikami et al (2009) has shown a
higher RANKL and RANK expression in tumour tissue compared
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Figure 1. Kaplan–Meier analysis. (A) Association between RANK/OPG ratio and time to metastasis (in 56 patients). (B) Association between
RANK/OPG- ratio and time to BM (in 117 patients). (C) Association between RANK/OPG ratio and overall survival since diagnosis (in 129 patients).
(D) Association between RANK/OPG ratio and progression-free survival since start of anti-VEGFR-TKIs (in 127 patients). (E) Association between
RANK/OPG ratio and overall survival since start of anti-VEGFR-TKI (in 129 patients).
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with normal kidney tissue. OPG expression was downregulated in
tumour tissue compared with normal kidney tissue. RANKL- or
RANK-low tumours were associated with a significantly longer
BM-free survival, disease-free survival and disease-specific survival.

Patients with OPG high tumours did not develop BMs and showed
a longer disease-free survival than those with OPG-low tumours.
Elevated RANKL and RANK expression with low OPG expression
in the primary RCC tumour was a significant and independent

Table 3. Univariate analysis of previously described prognostic factors for PFS and OS on first-line anti-VEGFR-TKI

Median PFS
(months)

HR (95% CI)
P (UV)

Median OS
(months)

HR (95% CI)
P (UV)

Neutrophil count 44.500 mm�3 (n¼54) 8 1.81 (1.18–2.79) 21 1.57 (1.02–2.42)

Neutrophil count p4.500 mm� 3 (n¼73) 17 0.007 34 0.04

Platelet count 4400.000 mm� 3 (n¼17) 7 2.35 (1.12–4.95) 17 1.63 (0.82–3.26)

Platelet count p400.000 mm�3 (n¼ 110) 14 0.03 27 0.17

Karnofsky PS p70 (n¼ 15) 4 9.08 (3.59–22.93) 9 16.97 (6.00–47.96)

Karnofsky PS 470 (n¼110) 14 o0.0001 27 o0.0001

LDH 41.5 ULN (n¼ 9) 19 1.21 (0.52–2.82) 27 1.17 (0.54–2.56)

LDH pr1.5 ULN (n¼ 111) 12 0.66 26 0.69

Hbo11.5 (women) or 13 g dl� 1 (men) (n¼52) 10 1.62 (1.05–2.48) 22 1.52 (0.98–2.35)

Hb normal (n¼ 74) 16 0.03 30 0.06

Corrected calcium 410 mg dl�1 (n¼ 6) 24.5 0.67 (0.29–1.54) 36.5 0.76 (0.31–1.85)

Corrected calcium p10 mg dl�1 (n¼113) 12 0.34 25 0.54

Time from diagnosis to systemic treatment o1 year (n¼ 82) 12 1.58 (1.04–2.40) 25 1.55 (1.01–2.39)

Time from diagnosis to systemic treatment 41 year (n¼43) 13 0.03 26 0.04

Liver metastases at start of sunitinib (n¼20) 8 2.18 (1.14–4.17) 15.5 3.04 (1.49–6.20)

No liver metastases at start of sunitinib (n¼ 109) 14 0.02 28 0.002

Bone metastases at start of sunitinib (n¼37) 9 1.53 (0.96–2.43) 22 1.74 (1.06–2.84)

No bone metastases at start of sunitinib (n¼92) 13 0.07 30 0.03

Sarcomatoid dedifferentiation X25% (n¼10) 6 4.51 (1.57–13.01) 14 9.10 (2.98–28.01)

Sarcomatoid dedifferentiation o25% (n¼115) 14 0.005 28 0.0001

No previous immunotherapy (n¼ 94) 11 1.06 (0.67–1.67) 24 1.21 (0.77–1.90)

Previous immunotherapy (n¼33) 15 0.81 34 0.41

IMDC poor risk (n¼ 16) 7 0.0003 17 0.0003

IMDC intermediate risk (n¼73) 14 27

IMDC good risk (n¼33) 25 Not reached

Ccrcc1 (n¼ 38) 12 0.0001 22 o0.0001

Ccrcc2 (n¼ 47) 19 50

Ccrcc3 (n¼ 14) 19.5 50

Ccrcc4 (n¼ 17) 5 11
Abbreviations: CI¼ confidence interval; Hb¼ haemoglobin; HR¼ hazard ratio; IMDC¼ International Metastatic Renal Cell Carcinoma Database Consortium; LDH¼ lactate dehydrogenase;
OS¼overall survival; PFS¼progression-free survival; UV¼univariate.

Table 4. Internal validation of the impact of the RANK/OPG ratio in subgroups of patients treated in Belgium (n¼55) or in France
(n¼74)

Subgroup
RANK/OPG high

(months)
RANK/OPG low

(months)
P-value

Time to metastasis Belgium 13 (n¼ 15) 50 (n¼ 11) 0.22
France 7 (n¼ 14) 16 (n¼ 16) 0.29

Time to bone metastasis Belgium 30 (n¼ 24) 171 (n¼ 24) 0.01
France 52 (n¼ 33) 77 (n¼ 36) 0.55

OS since initial diagnosis Belgium 39 (n¼ 28) 161 (n¼ 27) 0.0006
France 37 (n¼ 37) 59 (n¼ 37) 0.02

PFS under first-line anti-VEGFR-TKI Belgium 7 (n¼ 28) 19 (n¼ 27) 0.006
France 10 (n¼ 35) 19 (n¼ 37) 0.01

OS since start of first-line anti-VEGFR-TKI Belgium 14 (n¼ 28) 52 (n¼ 27) 0.0002
France 21 (n¼ 37) 45 (n¼ 37) 0.001

Abbreviation: anti-VEGFR-TKI¼ anti-vascular endothelial growth factor tyrosine kinase inhibitors; OS¼overall survival; PFS¼progression-free survival.
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predictor of recurrence, BM and poor prognosis (Mikami et al,
2009). Our findings are in line with the findings of Mikami et al,
except for RANKL. However, in our series, all patients were selected
for the occurrence of metastasis and need for systemic therapy,
whereas Mikami’s series is a post-nephrectomy series. Our findings
are also in line with the results of Hirata et al who described that
DKK1 acts as a tumour suppressor gene that induces apoptosis and
inhibits proliferation in human RCC (Hirata et al, 2011).

In 1.941 oestrogen receptor-positive breast cancer patients,
tumour OPG expression was associated with good prognosis
(Sanger et al, 2014). In metastatic breast cancer patients, RANK
expression was linked with poor PFS and poor disease-specific
survival. Subgroup analysis demonstrated that the significant
difference in prognosis completely resulted from the occurrence
of BM. In multivariate analysis, including RANK expression, age
o35 years and non-lymph node metastasis, RANK expression was
an independent predictor of BM-free survival and disease-specific
survival in patients with BM (Zhang et al, 2012). Finally, in breast
cancer patients, RANK expression was associated with poor
disease-free survival and RANKL expression with improved
BM-free survival (Park et al, 2014). In prostate cancer, RANKL
expression in the primary tumour was associated with biochemical
recurrence (Perez-Martinez et al, 2008). On non-small cell lung
carcinoma (NSCLC) cell lines, a higher RANKL/OPG ratio was
associated with higher metastatic potential (Po0.05). Higher
RANKL and OPG expression were observed in more advanced
metastatic tumours (Po0.05). Higher RANKL expression was
found in poorly differentiated tumours (Peng et al, 2013).
A summary of these findings is reported in Table 5.

The RANK/RANKL/OPG pathway can be targeted with
denosumab, a monoclonal anti-RANKL antibody with an activity
similar to OPG, probably allowing additional anti-tumoral
therapeutic possibilities besides the prevention of skeletal-related
events (SREs). Bone resorption inhibitors (BRIs), such as
denosumab or zoledronic acid, can interrupt the vicious circle of
mutual stimulation between cancer cells and osteoclasts in the

bones. Besides their efficacy in reducing SREs, BRIs have a
potential anti-tumoral activity. Through the inhibition of osteo-
lysis, less cytokines embedded in the bone become available for
tumour growth stimulation. BRIs could decrease cellular migra-
tion. In human mammary epithelial cells, RANK overexpression
induces epithelial-to-mesenchymal transition, stemness, migration
and invasiveness (Palafox et al, 2012). In ccRCC, recombinant
RANKL protein stimulates migration of cell lines in vitro and this
enhanced migration can be inhibited by the administration of
recombinant OPG protein (Mikami et al, 2009). Denosumab acts
directly on RANK-expressing cancer cells including breast,
prostate and melanoma cells (Jones et al, 2006). Zoledronic acid
has a potential positive impact on OS in several tumour types with
osteolytic bone disease such as NSCLC (Zarogoulidis et al, 2009),
bladder carcinoma (Zaghloul et al, 2010), RCC (Saad and Eastham,
2010; Beuselinck et al, 2012; Keizman et al, 2012; Broom et al,
2014) and multiple myeloma (Morgan et al, 2010). Evidence of
anti-tumoral efficacy of denosumab has been shown in prostate
cancer at high risk for the development of BM: denusomab can
delay the development of BM by several months (Smith et al,
2013). In a randomized trial, NSCLC patients treated with
chemotherapy and denosumab experienced a longer mOS
compared with patients treated with chemotherapy and zoledronic
acid (Scagliotti et al, 2012).

An independent validation of these findings would pave the
road for clinical trials analysing the impact of denosumab in the
adjuvant setting in patients with high probability of relapse after
nephrectomy in order to delay the development of (bone)
metastases. Similarly, in the metastatic setting, clinical trials could
study the impact on the outcome of denosumab in patients in
follow-up with watchful waiting or treated with anti-VEGFR-TKIs.
Moreover, denosumab is usually well tolerated, although the
combination of denosumab and anti-VEGFR-TKIs could probably
lead to a higher incidence of osteonecrosis of the jaw, as it was
shown with concomitant anti-VEGFR-TKIs and bisphosphonates
(Beuselinck et al, 2012). In both settings, RANK or OPG

Table 5. Summary of our data and previously published articles on the prognostic value of tumoral expression of RANK, RANKl
and OPG

Elevated RANK Elevated RANKL Elevated OPG

ccRCC (osteolytic bone metastases)
Beuselinck (129 pts) Poorer PFS and OS Improved PFS and OS

Mikami (96 pts) Poorer bone-metastasis-free survival
(Po0.0001)
Poorer disease-free survival
(P¼ 0.0013).

Poorer bone-metastasis-free survival
(Po0.0001)
Poorer disease-free survival (Po0.0001).

Improved bone-metastasis-free survival
Improved disease-free survival (P¼0.0329)

Breast carcinoma (osteoblastic and osteolytic bone metastases)
Sänger (1.941 ERþ pts) Improved prognosis: better event-free

survival (HR 0.64, 95% CI 0.53–0.77;
Po0.0001)

Park (185 pts) Poorer DFS (P¼ 0.02) Improved bone-metastasis-free survival
(P¼ 0.03)

Zhang (102 pts) Poorer PFS (P¼0.023)
Poorer DSS (P¼ 0.001)
Poorer bone-metastasis-free survival
(HR¼2.266; 95% CI 1.289–3.984)

Prostate carcinoma (osteoblastic bone metastases)
Perez-Martinez (59 pts) Poorer outcome: more biochemical

recurrence (HR 11.6, Po0.001)

NSCLC (osteolytic bone metastases)
Peng (52 pts) Poorer outcome: more metastatic spread

and poorly differentiated tumours (Po0.05)
Poorer outcome: more metastatic spread
(Po0.05)

Abbreviations: CI¼ confidence interval; ccRCC¼ clear cell renal cell carcinoma; DFS¼disease-free survival; DSS¼disease-specific survival; ERþ ¼oestrogen receptor positive; HR¼ hazard
ratio; NSCLC¼non-small cell lung carcinoma; OS¼overall survival; OPG, osteoprotegerin; RANK¼ receptor activator of NF-kB; RANKL¼RANK-ligand; PFS¼progression-free survival;
Pts¼patients.
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expression in the primary kidney tumour are candidate predictive
biomarkers for efficacy.

CONCLUSION

In ccRCC, intratumoral expression of genes linked with the
development of BM has a prognostic impact. An elevated RANK/
OPG ratio is associated with shorter median time to metastasis,
time to BM, mOS since diagnosis and mPFS and mOS on first-line
anti-VEGFR-TKIs.
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