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Abstract

Purpose As clinical studies have correlated RANK
expression levels with survival in breast cancer, and that
RANK signaling is dependent on its cognate ligand
RANKL, we hypothesized that dual protein expression
further stratifies the poor outcome in TNBC.

Methods RANK mRNA and protein expression was eval-
uated in TNBC using genomic databases, cell lines and in a
tissue microarray of curated primary tumor samples
derived from 87 patients with TNBC. RANK expression
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was evaluated either by Mann—Whitney U test on log-
normalized gene expression data or by Student’s 7 test on
FACS data. Analysis of RANK and RANKL immunos-
taining was calculated by H-score, and correlations to
clinical factors performed using y* or Fisher’s exact test.
Associations with RFS and OS were assessed using uni-
variate and multivariate Cox proportional hazard models.
Survival estimates were generated using the Kaplan—-Meier
method.

Results In three distinct datasets spanning 684 samples,
RANK mRNA expression was higher in primary tumors
derived from TNBC patients than from those with other
molecular subtypes (P < 0.01). Cell surface-localized
RANK protein was consistently higher in TNBC cell lines
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(P =0.037). In clinical samples, TNBC patients that
expressed both RANK and RANKL proteins had signifi-
cantly worse RFS (P = 0.0032) and OS (P = 0.004) than
patients with RANK-positive, RANKL-negative tumors.
RANKL was an independent, poor prognostic factor for
RFS (P = 0.04) and OS (P = 0.01) in multivariate anal-
ysis in samples that expressed both RANK and RANKL.
Conclusions RANK and RANKL co-expression is associ-
ated with poor RFS and OS in patients with TNBC.

Keywords Triple-negative breast cancer - RANK -
RANKL - Relapse-free survival - Overall survival

Abbreviations
ER Estrogen receptor
FACS Fluorescence-activated cell sorting

HER2 Human epidermal growth factor receptor 2
oS Overall survival

PR Progesterone receptor

RANK  Receptor activator of nuclear factor kappa B
RANKL RANK ligand

RFS Relapse-free survival

TNBC Triple-negative breast cancer

TMA Tissue microarray

Introduction

Triple-negative breast cancer (TNBC), which lacks estro-
gen receptor (ER) and progesterone receptor (PR) expres-
sion and human epidermal growth factor receptor-2
(HER2) amplification, accounts for approximately 15-20%
of all breast cancers [l]. Despite its sensitivity to
chemotherapy, TNBC remains a clinical challenge because
of a high rate of relapse and a propensity to metastasize to
visceral organs. Because of this high rate of metastasis and
a lack of effective targeted therapies, the 5-year survival
rate for patients with TNBC is poorer than that of patients
with hormone-receptor positive breast cancer [2—4]. Thus,
there is a critical need to identify clinically relevant
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molecules that are prognostic of patient outcome and that
have the potential to provide a rationale to develop as a
targeted therapy.

The receptor activator of nuclear factor-kB (RANK)
pathway is an emerging clinical target in breast cancer.
RANK and its canonical ligand, RANKL, are key mole-
cules in bone metabolism and bone pathophysiology, and
in normal mammary gland development [5, 6]. RANKL,
which belongs to the tumor necrosis factor (TNF) super-
family, is the only known molecular agonist for RANK that
is expressed on the cell surface or secreted into the extra-
cellular milieu [7]. Upon ligation to its cognate receptor,
RANKL can induce the recruitment of intracellular adaptor
molecules (TNF receptor-associated factors) that transduce
downstream signals [8]. Within the developing breast,
RANK-RANKL signaling controls cellular growth and
ductal branching morphogenesis, which is deregulated
during mammary carcinogenesis [9]. Further, stromal
RANKL can enhance pro-survival and proliferative signals
of RANK-positive epithelial cells during alveologenesis
[7, 9, 10]. Preclinical studies have suggested that RANK
may enhance tumorigenic potential through the expansion
of “stem-like” cell populations that aid cancer cell
migration, invasion, and resistance to chemotherapy
[5, 11-14]. Moreover, targeted gene ablation of RANK or
treatment with RANK-Fc, a fusion protein that can neu-
tralize RANK signaling, did not affect primary tumor
growth but did significantly inhibit lung and bone metas-
tasis in preclinical models [5, 11, 15]. Collectively, these
reports suggest that activation of RANK-RANKL signaling
is involved in tumor development and that targeted inhi-
bition of this pathway may be a viable therapeutic strategy
against metastatic breast cancers.

Because of the functional roles of RANK and RANKL
in metastatic progression, there has been much interest in
determining whether RANK or RANKL can be used as a
marker in patients with breast cancer [16-19]. Initial
studies have suggested that RANK expression correlates
with shorter relapse-free survival (RFS) and is associated
with bone-tropic metastasis [18, 19]. In an analysis of
primary invasive breast tumors from the neoadjuvant
GeparTrio study, RANK expression, but not RANKL
expression, was associated with RFS and overall survival
(OS) [16]. Moreover, RANK expression was associated
with pathological complete response and was detected
more frequently in poorly differentiated, highly prolifera-
tive, and hormone-receptor negative tumors. From these
clinical association studies, it is clear that RANK may play
a role in less differentiated breast tumors, such as TNBC.

With Food and Drug Administration-approved RANK-
RANKL inhibitors entering the clinic, it is crucial to
identify specific subpopulations of breast cancer patients
who may benefit from their use. Previous studies have only
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assessed the relationships between expression of one
marker, either RANK or RANKL, and clinical correlates.
As activation of canonical RANK signaling requires con-
comitant expression of RANK and RANKL proteins, we
hypothesized that dual expression of these proteins in
TNBC would be superior to single marker expression in the
stratification of patient outcome. To test this hypothesis, we
analyzed the expression of RANK and RANKL in pre-
clinical and clinically derived primary tumor specimens
from patients with TNBC.

Methods
Cell culture and reagents

Human TNBC and non-TNBC cell lines were obtained
from ATCC and validated by the Characterized Cell Line
Core Facility at The University of Texas MD Anderson
Cancer Center using a short-term tandem repeat method-
ology based on a primer extension to detect single base
mutations. Cells used for experiments were grown in cul-
ture for no longer than 2 months. Prior to use, we screened
all cell lines for mycoplasma contamination with the
MycoAlert Mycoplasma Detection Kit (catalog #LTO07-
418; Lonza, Rochester, NY). All cell lines tested negative
for mycoplasma. MDA-MB-231, MDA-MB-468, KPL-4,
BT-474, and BT-20 cells were cultured in DMEM/F12
medium (catalog #12634-010; Life Technologies, Inc.,
Grand Island, NY) supplemented with 10% fetal bovine
serum (catalog #10438-026; Life Technologies), and 1%
antimicrobial-antibiotic (catalog #15240-062; Life Tech-
nologies). SUM159 cells were cultured in Ham’s F12
medium supplemented with 5% fetal bovine serum, 5 pg/
mL insulin (catalog #I9278; Sigma-Aldrich St. Louis,
MO), 1 pg/mL hydrocortisone (catalog #HO0888; Sigma-
Aldrich), and 1% antimicrobial-antibiotic. HCC1954 cells
were cultured in RPMI medium supplemented with 10%
fetal bovine serum and 1% antimicrobial-antibiotic. Flow
cytometry buffer consisted of 2% fetal bovine serum and
0.005% NaVj; in phosphate-buffered saline (catalog
#10010-023; Life Technologies). RANK antibody N2-B10
(7.02 mg/mL) was provided by Amgen, Inc. (Seattle, WA).

c¢DNA microarray data analysis of three
independent public datasets

From the GeneCards website (http://www.genecards.org/),
a RANK mRNA probe set (TNFRSF11A:207037_at) for
the Affymetrix 133a microarray chip was identified and
used to analyze RANK mRNA expression levels. Three
independent publicly available datasets were used to test
whether RANK mRNA expression level differed between

TNBC and non-TNBC. The raw and normalized gene
expression data and patients’ characteristics are available
on GEO (http://www.ncbi.nlm.nih.gov/geo). Accession
numbers are GSE7390, GSE2034, and GSE11121.

Flow cytometry analysis

TNBC and non-TNBC cells (1 x 10° cells per sample) were
blocked for 20 min at 4 °C in 0.1 mL of fluorescence-acti-
vated cell sorting (FACS) blocking buffer (5% goat serum
and 0.005% NaV; in phosphate-buffered saline), and then
immunostained with anti-RANK monoclonal antibody (N2-
B10; Amgen) or an IgG isotype control for 30 min. Cells
were then washed twice with 1 mL of FACS buffer and
incubated with a goat anti-mouse allophycocyanin-conju-
gated secondary antibody (catalog #115-136-07; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) at
1:200 in FACS buffer for 20 min. Following this, the cells
were washed twice with 0.4 mL of FACS buffer and re-
suspended in 0.4 mL of FACS buffer containing 4’,6-Di-
amidino-2-Phenylindole) (5 mg/mL; catalog #D1306; Life
Technologies) as a marker for viability. FlowJo V10 software
was used to measure RANK expression on individual cells.

Patients

Our tissue microarray was constructed from archived pri-
mary breast tumor samples from 109 patients who were
diagnosed with triple-negative breast cancer between
March 1993 and April 2009 and who had pathological
evaluation of ER, PR, and HER2 expression [20]. TNBC
samples were histologically defined based on American
Society of Clinical Oncology guidelines [21]. ER-negative
and PR-negative status was defined as <1% of cells having
positive immunohistochemical staining for the protein.
HER2-negative status was defined as a HER2/CEP17
(centromeric probe for chromosome 17) ratio of <2.0 by
fluorescent in situ hybridization and/or an intensity scored
as 0, 14+, or 24 on immunohistochemical staining
[21, 22]. Patient characteristics were tabulated, including
age, menopausal status, histology, pathological stage,
nuclear grade, lymphovascular invasion, and RANKL
expression. We excluded 14 of the 109 patients from this
study as they did not have adequate tissue to be evaluated.
Of the remaining 95 patients, we excluded a further 8
patients in whom ER and/or PR was not measured as a
continuous variable or evaluation of ER and/or PR status
was inconsistent with American Society of Clinical
Oncology guidelines [21]. The final number of patients in
this study was 87. The median age of patients in our cohort
was 53 years (range 22-74 years), and we used age
50 years as the cut-off for dichotomizing age. All samples
were collected under a protocol approved by the
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Institutional Review Board at MD Anderson Cancer Center
(LABO05-0530).

Immunohistochemical staining and scoring

The tissue microarray was stained with anti-human RANK
(N-1H8; Amgen) or RANKL (M366; Amgen) mouse
monoclonal antibodies or isotype-matched control mouse
IgG as previously described [23]. The specificities of the
RANK and RANKL antibodies were previously reported
[24]. RANKL and RANK expression within the primary
tumors were scored individually according to the semi-
quantitative histochemical score (H-score) [25] and inter-
preted by a pathologist (D.B.) blinded to any sample
identification. The percentage of RANKL-positive tumor
cells and RANK-positive tumor cells was multiplied by
staining intensity: 0 (absent), 1 (weak intensity), 2 (mod-
erate intensity), or 3 (strong intensity). The H-score, the
sum of all products, ranged from 0 to 300. Patients with
TNBC were stratified according to RANK H-scores as
having RANK-positive (H-score > 0) or RANK-negative
(H-score = 0) TNBC. For RANKL expression, tumors
were stratified as being RANKL-positive (H-score > 0) or
RANKL-negative (H-score = 0).

Statistical analyses

For ¢cDNA microarray analysis, cases were normalized
with the MASS algorithm, and RANK mRNA gene
expression was log-normalized and significance calculated
by the Mann—Whitney U Test. Dot-plots were constructed
using GraphPad Prism 6 software, with horizontal bars
representing the mean of the data £ SEM. Student’s 7 test
was used to calculate the mean (SEM). P < 0.05 was
considered to be significant. The y” test and Fisher’s exact
test were used to evaluate the association between two
categorical variables of patient characteristics. Overall
survival (OS) was defined from the date of surgery to that
of death, and relapse-free survival (RFS) was defined from
the date of surgery to that of first local or distant metastasis
or loss to follow-up, whichever came earlier. Patients who
died before detection of a recurrence event were right
censored at the date of death. Kaplan—Meier survival
curves were used to estimate the survival of patients with
RANK-positive primary tumors and patients with RANK-
negative primary tumors. To assess the effects of RANK-
RANKL dual expression, survival curves were generated
separately for patients with RANK-positive primary tumors
and patients with RANK-negative primary tumors. P val-
ues were generated using the log-rank test. Univariate and
multivariate Cox proportional hazard models were used to
evaluate the association of covariates with survival. Inde-
pendent covariates included in the analysis were age,
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menopausal status, histology, nuclear grade, pathological
stage, lymphovascular invasion, and RANKL expression.
Variables with P < 0.25 in the univariate analysis were
included in the full multivariable model. We obtained the
reduced multivariable model using a backward selection
approach, removing the least significant covariates from
the full model one at a time, using P < 0.05 as the limit for
inclusion in the analysis [26]. For all other analyses,
P < 0.05 was considered statistically significant. Statistical
analyses were performed with SPSS statistics version 21
(IBM Corporation, Armonk, NY) and STATA version 13
(STATA Corp, College Station, TX).

Results

RANK mRNA expression is elevated in primary
TNBC tumors and is localized to the cell surface
of epithelial TNBC cells

Prior to assessing RANK and RANKL protein levels in
TNBC, we first evaluated these markers in three publicly
available and independent cDNA microarray datasets. Out
of 684 distinct breast tumor samples, we found RANK
mRNA expression was elevated in tumors that were clas-
sified as TNBC (P < 0.0005) (Fig. 1a).

As RANK expression was elevated in TNBC, we next
sought to identify whether RANK protein was expressed
and localized to the cell surface of epithelial TNBC cells.
Using FACS analysis, we determined that cell surface-lo-
calized RANK protein levels were greater on TNBC cells
compared to other cell lines that were not triple-negative
(P < 0.037) (Fig. 1b). Collectively, our findings suggest
that RANK expression is higher in TNBC tumor samples,
which is likely due to elevated cell surface levels within the
epithelial compartment.

RANK and RANKL are expressed in triple-negative
breast tumors

We next utilized two previously established, immunohis-
tochemically appropriate antibodies to evaluate RANK and
RANKL protein staining as markers for prognosis in a
cohort of TNBC patients. Detection of these proteins in a
pre-constructed TMA of 87 TNBC patient tissues demon-
strated that when present, both RANK and RANKL were
observed within the epithelial compartment of the primary
tumor (Fig. 1c). Both proteins were identified in the cyto-
plasm and on the surface membrane of epithelial cancer
cells. In our study cohort of 87 TNBC patient tissues,
which consisted of patients with a higher percentage of
RANK-positive primary tumors (72%) and RANKL-neg-
ative primary tumors (82%), there were slightly more
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Fig. 1 RANK expression is elevated in TNBC. a Log-normalized
RANK mRNA expression was analyzed in three distinct breast cancer
datasets. b Surface expression of RANK (relative median peak
height) was assessed by flow cytometry in a panel of non-TNBC and

patients older than the median age of 50 (56%) and with a
majority of patients that reached post-menopausal status
(70%). Most patients had early stage (I and II) tumors
(94%), nuclear grade III tumors (84%), and were negative
for lymphovascular invasion (LVI) (68%). As a result of
our correlative analysis of TNBC stratified by RANK
(Table 1) and RANKL (Table 2), we did not observe a
significant correlation between these two proteins (Table 1:
P = 0.36; Table 2: P = 0.36), nor did we observe a cor-
relation between RANK or RANKL with other patient
characteristics (Tables 1, 2). However, we did observe a
significant correlation between RANKL-stratified TNBC

TNBC cell lines. ¢ Representative images of RANK-positive,
RANKL-negative (RANKTRANKL ") and  RANK-positive,
RANKL-positive (RANKTRANKL') TNBC tumor samples stained
with IgG isotype control, RANK, or RANKL antibody

and nuclear grade (Table 2: P = 0.004), which indicates
that RANKL-negative TNBC patients are more likely to
have a nuclear grade III tumor.

Patients with TNBC that express both RANK
and RANKL within their primary tumor are
associated with poor survival

We did not observe clinical associations with RFS and OS
in TNBC patients when RANK or RANKL were used as
independent markers. Thus, we next sought to evaluate the
potential of combined RANK and RANKL expression with

@ Springer
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Table 1 Clinical characteristics in patients with TNBC by RANK status

Total (N = 87) N (%) RANK-positive RANK-negative P value
(N =63)N (%) (N=24) N (%)

Age (years)
<50 38 (44) 26 (41) 12 (50) 0.48
>50 49 (56) 37 (59) 12 (50)

Menopausal status
Pre 26 (30) 18 (29) 8 (33) 0.79
Post 61 (70) 45 (71) 16 (67)

Histology
Ductal 73 (84) 56 (89) 17 (71) 0.10
Lobular 2(2) 12 14
Other 12 (14) 6 (10) 6 (25)

Pathological stage
I 36 (41) 29 (46) 7 (29) 0.12
I 46 (53) 32 (51) 14 (58)
I 5(6) 2(3) 3 (13)

Nuclear grade
I 4(5) 3(5 14) 0.86
II 8 (9) 5() 3 (13)
11 73 (84) 53 (84) 20 (83)
Unknown 2(2) 23 0 ()

LVI*
Negative 59 (68) 45 (71) 14 (58) 0.17
Positive 13 (15) 7(11) 6 (25)
Unknown 15 (17) 11 (18) 4 (17)

RANKL
Positive 16 (18) 10 (16) 6 (25) 0.36
Negative 71 (82) 53 (84) 18 (75)

* LVI lymphovascular invasion

clinical correlates in this cohort in which we first per-
formed a univariate analysis. From these results, we found
RANK-positive TNBC patients (n = 63) with RANKL-
positive primary tumors to have a significant association
with poor OS (HR 6.11; 95% CI 1.52-24.62, P = 0.01)
and a borderline significant association with RFS (HR 45;
95% CI 1.00-20.37; P = 0.05) (Table 3). From our mul-
tivariate analysis, RANKL was found to be an independent
predictor of shorter RFS (HR 4.96; 95% CI 1.07-22.99;
P =0.04) and OS (HR 18.25; 95% CI 2.01-165.48;
P = 0.01) (Table 3). Univariate analysis of patients with
RANK-negative TNBC (n = 24) failed to show any sig-
nificant association between RANKL and RFS or OS
(Supplementary Table S1). Among TNBC patients with
RANK-negative tumors (n = 24), we did not observe
associations in RFS (P = 0.730) or OS (P = 0.709) when
patients were stratified into RANKL-negative or RANKL-
positive sub-groups (Fig. 2a). However, among TNBC
patients with RANK-positive primary tumors (n = 63),
patients with RANKL-positive primary tumors had

@ Springer

significantly shorter RFS and OS than patients with
RANKL-negative primary tumors (RFS, P = 0.0032; OS,
P = 0.004) (Fig. 2b). Collectively, our data suggest that
TNBC patients with tumors that express both RANK and
RANKL have poorer survival outcomes.

Discussion

This is the first study that has specifically evaluated the
relationship between the co-expression of RANK and
RANKL in the prognosis of TNBC. Analyzing multiple
gene expression databases, we found that RANK mRNA
was consistently elevated in primary tumors with a triple-
negative molecular subtype. Supporting this finding, we
observed increased cell surface-localized expression of
RANK on TNBC cell lines in vitro, which suggests that
elevated RANK expression in TNBC tumors may be due to
increased expression in cancer cells.

We utilized two highly specific antibodies to interrogate
the specific localization of RANK and RANKL in a large
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Table 2 Clinical characteristics in patients with TNBC by RANKL status

Total (N = 87) N (%) RANKL-positive RANKL-negative P value
(N =16) N (%) (N=T1)N (%)

Age (years)
<50 38 (44) 6 (38) 32 (45) 0.58
>50 49 (56) 10 (63) 39 (55)

Menopausal status
Pre 26 (30) 6 (38) 20 (28) 0.55
Post 61 (70) 10 (63) 51 (72)

Histology
Ductal 73 (84) 12 (75) 61 (86) 0.24
Lobular 2(2) 1 (6) 1(1)
Other 12 (14) 3(19) 9 (13)

Pathological stage
I 36 (41) 8 (50) 28 (39) 0.74
I 46 (53) 7 (44) 39 (55)
I 5(6) 1 (6) 4 (6)

Nuclear grade
I 4 (5) 1 (6) 34 0.004
I 8(9) 5@ 34)
11 73 (84) 9 (56) 64 (90)
Unknown 22 1(6) 1(1)

LVI*
Negative 59 (68) 11 (69) 48 (68) 0.3
Positive 13 (15) 4 (25) 9 (13)
Unknown 15 (17) 1 (6) 14 (20)

RANK
Positive 63 (72) 10 (63) 53 (75) 0.36
Negative 24 (28) 6 (38) 18 (25)

* LVI lymphovascular invasion

panel of TNBC primary tumors. Moreover, we employed a
scoring method that specifically assessed the localization of
RANK and RANKL to the cell membrane of cancer cells,
which provides a stringent evaluation of the molecular
targets based on molecular function. While neither marker
was able to independently predict clinical outcome, when
patients were stratified by both RANK and RANKL, we
observed striking correlations with RFS and OS in TNBC
patients. Additionally, we observed a significant correla-
tion between nuclear grade III and lack of RANKL
expression. Based on these findings, we infer that expres-
sion of both RANK and RANKL proteins within the pri-
mary tumor is predictive of poor prognosis in TNBC
patients and is suggests that canonical RANK-RANKL
signaling may be involved in the aggressiveness of TNBC.

Elevated RANK expression within tumor cells has been
observed in both triple-negative and “luminal-A” (ER-
positive, HER2-negative) breast cancers [10, 14, 16].
Relevant to our study, Azim et al., demonstrated that
RANK expression was higher in poorly differentiated,

Ki67-high, and triple-negative breast tumors than in ER-
positive, HER2-negative breast tumors [10]. Moreover,
RANK-positive tumors were correlated with gene expres-
sion profiles that were associated with activation of the
immune response and proliferation, which are two clini-
cally actionable pathways that are emerging in distinct
subsets of TNBC.

In preclinical studies, the RANK-RANKL pathway has
been functionally linked to the growth and dissemination of
breast tumors in vivo [5, 12, 14, 15]. Common signaling
pathways activated through RANK include nuclear factor
kB (NFkB), Src, and MAPKSs, which are critical regulators
of cell fate, survival, local inflammation, and cellular
invasion [11, 29]. Thus, there has been much interest in
targeting of this pathway as a potential therapeutic
approach for invasive breast cancer. Indeed, recombinant
Fc-tagged RANK or osteoprotegerin proteins, designed to
inhibit the activation of RANKL, have been produced and
can block osteoclastogenesis [30] and metastasis in pre-
clinical models [31, 32]. A study by Yoldi et al. found that
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Table 3 Univariate and multivariate analysis for 5-year RFS and OS of patients with RANK-positive tumors (N = 63)

Univariate Multivariate
RFS (N RFS (6N
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
Age (years)
<50 1.00 1.00
>50 221 (0.42-11.87) 0.34 3.06 (0.56-15.96) 0.18
Menopausal status
Pre 1.00 1.00
Post 0.57 (0.13-2.56) 0.46 0.74 (0.18-3.08) 0.67
Histology
Ductal 1.00 1.00 1.00
Lobular NA NA NA
Other 7.07 (1.17-42.8) 0.03 5.8 (1.05-32.14) 0.04 8.27 (1.3-52.4) 0.025
Nuclear grade
I 1.00 1.00
I 2.48 (0.27-22.29) 0.42 4.9 (0.88-27.87) 0.07
I 3.32 (0.38-29.24) 0.28 4.38 (0.51-40.76)  0.17
Pathological stage
111 1.00 1.00
I NA NA 0.22 (0.02-2.01) 0.18
I 0.16 (0.02-1.42) 0.1 0.10 (0.01-1.17) 0.07
LVI
Negative  1.00 1.00
Positive 3.29 (0.6-18.0) 0.17 4.12 (0.69-24.77)  0.12
RANKL
Negative  1.00 1.00 1.00 1.00
Positive 45 (1.0-20.37) 0.05 6.11 (1.52-24.62)  0.01 4.96 (1.07-22.99) 0.04 18.25 (2.01-165.48)  0.01

tumor-specific RANK expression, in an orthotopic model
of breast adenocarcinoma, promotes survival of tumor cells
[33]. This may indicate that RANKL in the tumor
microenvironment, such as in tumor-infiltrating leukocytes,
contributes to tumor survival. In addition, they found that
systemic delivery of a RANK/RANKL antagonist (RANK-
Fc) can induce tumor cell differentiation by reducing the
population of cancer stem-like cells (CSCs), suggesting
that inhibition of RANKL can reduce breast adenocarci-
noma tumor invasion and metastasis [33].

Our analysis is limited due to the retrospective nature of
the study and through potential confounding variables,
such as menopausal status and nuclear grade. Of future
interest would be to assess a larger cohort of TNBC
patients to validate our findings and investigate the asso-
ciation of RANK and RANKL expression with bone
metastases and the distribution of RANK and RANKL
among the six proposed subtypes of TNBC [27]. It is
thought that the more aggressive or stem-like nature of
TNBC is derived from the immunomodulatory (IM),

@ Springer

mesenchymal-like (M), and mesenchymal stem-like (MSL)
expression profiles, which include up-regulation of cyto-
kine pathways that are regulated by RANK and/or RANKL
activity [27]. For instance, one particular study demon-
strated that RANK-RANKL signaling can induce inter-
leukin-6 production in breast cancer cells, which could in
turn elevate RANK expression, creating a positive feed-
back loop [28].

Our study highlights the heterogeneity of RANK and
RANKL expression in primary tumors from TNBC
patients. Of importance, those tumors that were ‘double-
positive’ occurred in a specific fraction (~20%) of TNBC
patients that had poor RFS and OS. This is an extremely
important clinical finding as it has major implications for
the translation of RANK/RANKL as a marker and potential
therapeutic target in TNBC. With the development of a
Food and Drug Administration-approved, fully humanized
monoclonal antibody which specifically targets RANKL
(denosumab), there is increased clinical interest in char-
acterizing the RANK-RANKL pathway in breast cancer.
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Fig. 2 Patients with TNBC that expresses both RANK and RANKL
have a poor prognosis. a Kaplan—-Meier survival curve analysis was
performed for relapse-free survival (RFS) and overall survival (OS) in

Future translational drug studies should consider stratifying
patients based on RANK and RANKL expression as a
marker for patients that may have enhanced clinical
benefit.

Conclusion

This is the first study to link dual expression of RANK and
RANKL with poor clinical outcomes in TNBC. The find-
ings from this retrospective study underscore the impor-
tance of performing a more comprehensive investigation to
assess serum levels of RANK, RANKL, osteoprotegerin,
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and activated downstream signaling molecules in patients
with TNBC and their prognosis. Denosumab (Xgeva,
Amgen), a humanized monoclonal antibody that inhibits
RANKL, has Food and Drug Administration approval for
the treatment of osteoporosis and the prevention of skele-
tal-related events in patients with solid tumors with bone
metastases. Multiple clinical trials have been initiated to
assess its anti-resorptive effects to control or prevent bone
metastatic disease (NCT02366130, NCT02051218, and
NCTO01920568). We are conducting a phase II, prospective
clinical study involving the detection of RANK and
RANKL expression along with other invasive markers in
circulating tumor cells from patients with advanced breast
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cancer treated with denosumab (NCT01952054). The
clinical impact of denosumab in the prospective clinical
study may offer novel insights into how we can reduce
mortality associated with TNBC.
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