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ABSTRACT

Current diagnosis of bone metastasis (BM) in breast cancer relies on structural changes of bone that occur only in the advanced stage.
A sensitive biomarker for detecting early progression of bone metastasis is urgently required. We performed clinical and preclinical
studies to investigate diagnostic value of circulating osteocalcin-positive cells (cOC) in breast cancer bone metastasis. Metastatic
breast cancer patients (n = 92) with or without bone metastasis (ie, BM* or BM") were enrolled, and cOC were measured at enroll-
ment. Patients were followed up for bone metastasis progression for 18 months. BM* patients (n = 59) were divided into progressive
(PD) or stable disease (SD) groups, based on imaging studies at the end of the 18-month study. The PD group had higher baseline cOC
compared with the SD group. Furthermore, higher cOC resulted in reduced BM progression-free survival. Three patients in the BM~
group (n = 33) developed new BM during the 18-month study, and these patients had a higher level of baseline cOC compared with
the remaining BM™ patients. In murine preclinical studies, cOC increased at early time points when micro-metastases were evident
only by histology but undetectable by bioluminescence imaging. Also, cOC levels predicted the progression of BM and correlated
significantly with BM tumor burden. cOC increased in the early phase of breast cancer BM and can predict BM progression, supporting
cOC as a potential novel biomarker. © 2020 American Society for Bone and Mineral Research.
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Introduction

B one is the most frequent site of breast cancer metastasis,
and skeletal-related events (SRE) of bone metastasis
(BM) including pathologic bone fracture, spinal cord compres-
sion, hypercalcemia, and bone pain significantly affect the mor-
bidities and mortalities of advanced-stage breast cancer
patients.(” Because previous SRE is a major risk factor for subse-
quent SRE, both primary and secondary preventions of SRE are
attempted by using bone-targeting agents such as bisphospho-
nates and denosumab alone or in combination with chemother-
apy and/or radiation.~® However, the therapeutic efficacy and
survival benefits of bone-targeting agents are limited.®™

Therefore, earlier detection and intervention will be more bene-
ficial for improving outcomes of bone metastasis.

The current standard assessment of bone metastasis is medi-
cal imaging such as whole-body bone scintigraphy (WBBS) and
magnetic resonance imaging (MRI). WBBS is the most frequently
used modality because it detects both osteoblastic and osteoly-
tic lesions with strong sensitivity."'®'" However, detectability of
radionuclide activity in the WBBS depends on gross structural
bone changes resulting from considerable progression of
macro-metastasis. Moreover, flare phenomenon, referring to
increased uptake in WBBS despite positive responses to treat-
ment, is frequent in breast cancer, leading to misdiagnosis and
erroneous changes in the treatment regimen."'? The whole-
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body MRl is the most sensitive method to detect cellular changes
in bone but is not suitable for screening or routine follow-up
checks. Therefore, sensitive and feasible diagnostic tools to
detect the indolent or incipient micro-metastatic bone lesions
are essential to benefit the clinical management of metastatic
breast cancer patients.

Bone metastasis is commonly accompanied by bone destruction
caused by the interactions among metastatic cancer cells, osteo-
clasts, and osteoblasts."® Although osteoclasts of hematopoietic lin-
eage have long been considered the major effector cells and
subsequent therapeutic target of tumor-induced osteolysis, increas-
ing evidence supports that osteoblasts of mesenchymal stem cell
lineage play central roles in the metastatic bone microenvironment
regulating metastatic seeding, dormancy and awakening, osteolysis,
and evasion of anti-tumoral immunity."*'> In particular, disseminat-
ing tumor cells first adhere to an osteoblastic niche and are then
able to form a micro-metastatic tumor colony adjacently to the end-
osteal surface as shown by multiple preclinical models and patient
sample biopsies."®'” Subsequently, during the initial phase of met-
astatic tumor outgrowth in bone, osteoblasts first become activated,
proliferate, and release cytokines and growth factors essential to
osteoclastogenesis, osteolysis, tumor growth, and anti-tumoral
immunity."®2" These data collectively support that expansion
and activation of osteoblasts are potentially the critical step for initi-
ation and early progression of bone metastasis.

Circulating osteocalcin-positive cells (cOC) are small monocytic
cells expressing osteocalcin (a late osteoblast differentiation
marker) found within human peripheral blood mononuclear cells
(PBMQ). Khosla and colleagues demonstrated that adolescents
who are in the active bone growth period have a higher level of
cOC compared with adults.?? Moreover, cOC also positively corre-
late with pathologic changes of bone turnover in such conditions
as fracture, hypoparathyroidism, and diabetes.?>-2® These clinical
observations collectively support that circulating osteoprogenitor
cells reflect changes of bone turnover in either physiologic or
pathologic status. Given that bone metastases, even in the phase
of micro-metastasis, are more detrimental changes than any other
pathologic changes of bone (eg, metabolic bone diseases), we
thus hypothesized that cOC increase in the early phase of bone
micro-metastasis, reflecting microscopic changes in the metastatic
tumor microenvironment. The aim of this study was to investigate
the difference of cOC in metastatic breast cancer with or without
bone metastasis and to validate the predictive value of cOC in
monitoring initiation and/or progression of bone metastasis.

Materials and Methods

Subjects and clinical study design

Women with metastatic breast cancer who visited Seoul National
University Hospital, Seoul, South Korea, from July to September
2017 were enrolled, and clinical data including disease status
of bone metastasis were collected over the 18-month study
period. At the time of enrollment, the sites of metastasis were
evaluated based on imaging studies and patients were divided
into two groups according to the presence or absence of bone
metastasis, designated BM* and BM~ groups, respectively.
Baseline bone scan images were reviewed by two experienced
nuclear medicine physicians, and metastatic bone lesions
were classified into three groups: no metastasis, low-burden,
or high-burden metastasis groups. Patients with a single met-
astatic lesion were classified as low-burden group and
patients with multiple and/or disseminated metastases were

classified as high-burden group. All patients underwent blood
sampling to measure cOC and bone turnover markers at the
time of enrollment (ie, baseline cOC or bone turnover maker
levels).

During the 18-month study, follow-up diagnostic imaging includ-
ing bone scan was performed at least once every 6 months to
screen or evaluate bone metastasis. Metastatic bone lesions were
reevaluated at the 18-month point and classified as stable or pro-
gressive diseases. Progressive disease (PD) was defined as aggra-
vated bone lesions or newly developed osteolytic bone lesions
based on imaging studies or new SREs incidence during the
18-month follow-ups. All others were defined as stable disease (SD).

The study was approved by an institutional review board of
Seoul National University Hospital (no. 1706-069-859), and all
patients signed a written informed consent before enrollment.
The study was conducted in accordance with the International
Conference on Harmonization Good Clinical Practice guidelines
and the provisions of the Declaration of Helsinki. The study was
registered in the clinicaltrials.gov database (NCT03814811).

Flow cytometric analysis of human cOC

PBMCs were isolated by Ficoll-Paque density-gradient centrifuga-
tion of the whole blood samples collected in heparin-coated tubes.
Cells were washed and suspended in phosphate-buffered saline
supplemented with 2% fetal bovine serum and 2 mM EDTA
(2 x 10° cells/200 pL), followed by staining with fluorochrome-
conjugated monoclonal antibodies including anti-CD15 (clone
HI98, BD Biosciences, San Jose, CA, USA), anti-CD34 (clone 8G12,
BD Biosciences), and anti-osteocalcin (clone G-5, Santa Cruz Biotech-
nology, Dallas, TX, USA). Multicolor flow cytometry was performed
using a three-laser 10-color BD FACSCanto, and analyzed with a
BD FACS DIVA software. For analyzing cOC, CD15-negative cells
were initially gated and CD34-negative, osteocalcin-positive cells
were selected and defined as cOC (Fig. 1A).

Immunofluorescence staining and cell size analysis of cOC

PBMC were stained with fluorochrome-conjugated anti-CD34
(clone 8G12, BD Biosciences) and anti-osteocalcin antibodies
(clone G-5, Santa Cruz Biotechnology) at 4°C for 30 minutes.
The stained cells were smeared on a slide using a micro-
pipettor tip and air-dried. Mounting media containing
4’ 6-diamidino-2-phenyllindole (DAPI) was used to stain the
nuclei. Fluorescence microscopic images were captured using
a Leica (Buffalo Grove, IL, USA) TCS SP8 confocal laser-
scanning microscope.

To measure cOC size, live PBMC were stained with anti-
osteocalcin antibody conjugated with Alexa 647 and smeared
on a slide glass. The slides were excited at 640 nm using light-
emitting diode equipped in Smart Biopsy Cell Image Analyzer,
a proprietary system of Cytogen, Inc. (Seoul, South Korea). The
emitted light was collected at wavelength over 690 nm with a
CCD camera. Images of individual cells were processed with
an automatic cell counting program, also a proprietary technol-
ogy developed by Cytogen, Inc. Cells larger than 5 pm in diam-
eter and of circularity within a range between 0.8 and 1.3 were
counted as cOC.

Clinical analysis of serum bone turnover markers

All serum samples were stored at —80°C until analysis. The serum
bone formation marker, bone-specific alkaline phosphatase
(bone ALP), was measured by chemiluminescence immunoassay
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Fig. 1. cOC in the PBMC of metastatic breast cancer patients. (A) Representative contour plots of flow cytometric analyses showing gating strategy for
cOC (CD157CD34 Osteocalcin® cells) in the PBMC. (B) Confocal microscopic images showing cOC stained with phycoerythrin-conjugated anti-osteocalcin
antibody (red) and counterstained with DAPI (nucleus, blue) (x40 objective lens). A histogram of cOC cell size (diameter, pm) distribution. Approximately
120 cOC from two patient samples were analyzed by an automated single-cell image analysis system. (C) A violin plot comparing cOC % in metastatic
breast cancer patient PBMC with (+) or without (—) bone metastasis. Horizontal lines represent median =+ interquartile range. The p value was calculated
by Mann-Whitney U test. (D) A violin plot comparing cOC % in metastatic breast cancer patient PMBC according to the metastatic activity in bone mea-
sured by whole-body bone scan. Patients were divided into three groups: no metastasis, low-burden, or high-burden metastasis. Horizontal lines repre-
sent median = interquartile range. The p value was calculated by Mann-Whitney U test.

(Beckman Coulter, Brea, CA, USA) following manufacturer’s
instructions. A serum bone resorption marker, C-telopeptide of
type | collagen, was measured by electrochemiluminescence
immunoassay (Roche, Mannheim, Germany) following manufac-
turer’s instructions.

Breast cancer cells

Luciferase-labeled human or murine breast cancer cells,
MDA-MB-231-Luc or 4T1-Luc, respectively, were cultured in
RPMI-1640 media containing 10% FBS and antibiotics in a

37°C 5% CO, incubator. A bone metastatic subclone of
4T1-Luc, termed 4T1-Bone, was established by repeating
three rounds of in vivo intra-cardiac inoculation followed
by harvesting bone metastatic cells in the hindlimb long
bones after 7 to 21 days.?%3% Increased bone metastatic
potential was confirmed by in vivo bioluminescence quanti-
tation of bone metastatic lesions in an intra-cardiac bone
metastasis model (Supplemental Fig. S1). Cells were regularly
confirmed free of mycoplasma by PCR and authenticated to
match original or parental cell short tandem repeat (STR)
profiles.
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Bone metastasis in vivo models

Experimental bone metastasis mouse models were established
by intra-tibial or intra-cardiac inoculation of breast cancer cells
as described by Park and colleagues.®® Briefly, breast cancer
cells (1 x 10> MDA-MB-231-Luc or 1 x 10* 4T1-Bone cells) were
injected in the left heart ventricle (intra-cardiac injection) or in
the proximal tibia (intra-tibial injection) of female athymic (for a
human xenograft MDA-MB-231-Luc model) or Balb/c mice (for
a murine syngeneic 4T1-Bone model) to model hematogenous
metastasis or orthotopic bone tumor growth, respectively.?%2"
Subsequently, tumor growth was monitored by in vivo biolumi-
nescence imaging as previously described.®® All animal experi-
ments were approved by the Institutional Animal Care and Use
Committees of the Korea University College of Medicine
(no. KOREA-2017-0114 and KOREA-2017-0160). All mice (Orient
Bio, Seongnam, South Korea) were housed in a specific
pathogen-free facility and fed a standard chow diet.

Flow cytometric analysis of murine cOC

Mice were anesthetized and blood was collected by cardiac
puncture. Erythrocytes were lysed by ACK lysis buffer. Cells were
washed and stained with fluorochrome-conjugated antibodies
including anti-CD45 (clone 30-F11, BD Biosciences) and anti-
osteocalcin (clone G-5, Santa Cruz Biotechnology), followed by
flow cytometric analysis (BD FACSCanto Il or Fortessa X-20). Gat-
ing strategy was described in Supplemental Fig. S2.

Histology

Decalcified, paraformaldehyde-fixed, and paraffin-embedded
4-um thickness bone tissue sections were prepared for hematox-
ylin and eosin (H&E) staining and immunohistochemical ana-
lyses.®" Briefly, antigen retrieval was performed by incubating
in 0.1% Trypsin at 37°C for 30 minutes. Endogenous peroxidase
activity was blocked by 3% H,0O, in PBS, and protein blocking
was performed with 5% bovine serum albumin (BSA) in PBS. Rab-
bit anti-cytokeratin 8 primary monoclonal antibody (Clone
EP1628Y, Abcam, Cambridge, UK; 1:500), biotinylated anti-rabbit
secondary antibody (1:1000), HRP reagent, and 3,3'-
diaminobenzidine were used to visualize the positively stained
cytokeratin 8-positive tumor cells in bone. Representative histo-
logical images were captured using an EVOS FL Auto Il cell imag-
ing system. Tartrate-resistant acid phosphatase (TRAP) staining
was performed as previously described.®?

Statistical analysis

Clinical data are presented as mean + SD or median [minimum-
maximum]. Student'’s t test, one-way ANOVA, and chi-square test
were used to compare groups. Statistical analysis was performed
using IBM (Armonk, NY, USA) SPSS statistics software version
21.0. Progression-free survival (PFS) of bone metastasis was
defined as the time from enrollment until the date of objective
disease progression in bone or death from any cause in the
absence of progression. Both PFS and overall survival (OS) were
estimated in all enrolled patients by log-rank test using one-
sided significance level of 0.01. For mouse preclinical data, statis-
tical analysis was performed using GraphPad (La Jolla, CA, USA)
Prism Version 8.0. Mann-Whitney U test was used to compare
differences between two groups, and one-way ANOVA with
Tukey post hoc multiple comparisons test was used to compare
pairwise differences among multiple groups. Polynomial

regression analysis was performed to determine quadratic
trends between time (days) versus cOC (%) or bioluminescence
activity. All statistical analyses for preclinical data were two-
sided, and p values were rounded up to the third decimal.

Results

Baseline characteristics of patients with or without bone
metastasis

A total of 92 females with metastatic breast cancer were enrolled.
The mean ages (years) at diagnosis and at enrollment were
49.2 £+ 9.0 and 55.0 + 8.9, respectively. Fifty-nine (64%) patients
had bone metastasis, including 13 (14%) patients with bone-only
metastasis and 46 (50%) patients with metastasis at bone plus
extraskeletal sites. Table 1 shows clinical characteristics of the
patients according to the presence of bone metastasis. The
bone-only metastasis group showed younger age at the time
of breast cancer diagnosis and less frequent postmenopausal
status than the bone plus extraskeletal sites group or the extra-
skeletal sites-only metastasis group. Distribution of subtypes of
breast cancer was significantly different between the groups.
Hormone receptor (HR)- and/or HER2-positive subtypes were
100% and 97% in bone-only and bone plus extraskeletal sites
metastasis groups, respectively, whereas only 64% in the extra-
skeletal sites-only metastasis group were HR-positive. Among
26 patients who received zoledronate for bone metastasis,
13 patients received the drug within 2 years from the enroll-
ment, and 3 of them received the drug immediately before
enrollment. Eight patients had previously received radiation
therapy for bone lesions at least 1 year before enrollment, but
there was no patient who received radiation therapy within
1 year.

The percentage of cOC is higher in the patients with early
bone metastasis

At the time of enrollment, the percentage of cOC in the CD15~
PBMC was analyzed by flow cytometric analyses (Fig. 1A). Combi-
nations of surface markers defining cOC are different among
investigators (reviewed and summarized in Feehan and col-
leagues.®® Because this is the first study of cOC in cancer
patients, we utilized a more inclusive combination of markers
and defined cOC as CD15°CD34 Osteocalcin® cells. The stained
cells were visualized under a confocal scanning laser microscope,
and the size of cOC was measured using an automated image
analysis tool (Fig. 1B). The average size of cOC was 5.8 £ 1.0 pm
(Fig. 1B). The median percentage of cOC in the PBMC was 0.03%
(0.00-0.14%), and cOC was higher in patients with bone metasta-
sis than those without bone metastasis with marginal signifi-
cance (0.04% [0.01-0.28%] versus 0.03% [0.00-0.14%],
p = 0.065; Fig. 1C). Serum bone turnover markers, including
bone-specific ALP and C-telopeptide, showed no difference
among the groups (Supplemental Table S1).

Because all enrolled patients were in various stages of bone
metastasis, patients were further divided by baseline bone scan
images and classified into three groups according to their meta-
static activity in bone: no metastasis, low-, and high-burden
metastasis, respectively. Interestingly, patients with low-burden
metastasis showed higher cOC than those with no metastasis
or high-burden metastasis (Fig. 1D). Next, the relationship
between cOC and fracture in both BM™ and BM* was analyzed,
since fracture alters bone structures and potentially plays a role
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Table 1. Baseline Characteristics According to the Presence of Bone Metastasis

Bone metastasis (+)

Bone metastasis (—)

Bone-only Bone plus extraskeletal sites Extraskeletal sites only
n=13 n=46 n=33 p Value

Age (years) at enrollment 548 +76 54.1 +10.2 564 + 6.8 0.509
At diagnosis

Age (years) 440 £ 6.2 493 £ 10.3 512+ 76 0.051

Postmenopausal, n (%) 4 (31) 24(52) 23 (70) 0.044
Molecular subtypes 0.001

ER/PR(+) HER2(+), n (%) 1(8) 7 (15) 6(18)

ER/PR(+) HER2(-), n (%) 11 (84) 28 (61) 9 (27)

ER/PR(=) HER2(+), n (%) 1(8) 8(17) 6(18)

ER/PR(-) HER2(-), n (%) 0 3(7) 12 (36)
Previous use of zoledronate, n (%) 6 (46) 20 (43) 1.000
Previous radiotherapy to bone, n (%) 2 (15) 6 (13) 1.000

ER/PR(+) = estrogen receptor (ER)-positive and/or progesterone receptor (PR)-positive; ER/PR(—) = ER-negative and PR-negative.

in mobilizing cOC. Among 59 BM™ patients, 4 patients who had
fracture at metastatic bone showed higher cOC than those
who did not experience fracture, but statistical significance was
not observed (0.09% [0.03-0.28%)] versus 0.04% [0.01-0.14%],
p = 0.176; Supplemental Fig. S3). In contrast, 4 patients among
33 BM™ patients had benign-looking fracture on bone scintigra-
phy, and their cOC level was similar to that of BM™ patients with-
out fractures (Supplemental Fig. S3). Taken together, cOC was
significantly increased in the early phase of bone metastasis,
and benign-looking fracture did not affect metastasis-related
increase of cOC.

The percentage of cOC predict progression of bone
metastasis

Subsequently, we aimed to examine whether cOC measured at
enrollment were able to predict disease progression of bone
metastasis. At the end of our 18-month study, disease status of
metastatic bone lesions was reevaluated and classified as stable
disease (SD) or progressive disease (PD) groups. Twenty-two
(37%) patients showed PD and 37 (63%) patients showed
SD. Interestingly, cOC, measured at baseline, were significantly
higher in the PD than the SD group (0.08 £ 0.03% versus
0.04 + 0.04%, p < 0.001; Fig. 2A), whereas serum bone turnover
markers such as C-telopeptide and bone-specific ALP (also mea-
sured at baseline) showed no difference (Table 2). Other clinical
characteristics such as initial stage of disease or hormone recep-
tor status showed no differences between groups (Table 2).
Based on ROC analysis, area under ROC curves was 0.907
(p <0.001), and the optimal cut-off value was established at
0.045% with the highest positive predictive value, 100%
(Fig. 2B). Furthermore, 59 BM* patients were divided into two
groups by cOC = 0.045% and bone metastasis PFS were ana-
lyzed. The patients with cOC >0.045% showed significantly
shorter bone metastasis PFS than those with cOC <0.045% (haz-
ard ratio [HR] = 4.79, p < 0.001, log-rank test; Fig. 2C).

Higher cOC predict de novo bone metastasis in the
patients without bone metastasis at baseline

Among 33 patients of extraskeletal site-only metastasis,
3 patients developed de novo bone metastasis (designated
incipient BM™) during the 18-month follow-up. The median time

from enrollment to the diagnosis of de novo bone metastasis
was 9 (9-15) months. The age at diagnosis was significantly
higher in the incipient BM* group than the BM~ group
(57.7 years + 3.5 versus 50.6 years + 7.6, p = 0.041), whereas
other clinical characteristics such as initial stage of disease or
hormone receptor status showed no difference (Table 3). Two
patients had metastases in the axial skeleton, and 1 patient
had a single bone metastasis in the femur. Remarkably, baseline
cOC was significantly higher in the incipient BM* group than the
BM™ group (0.08 £ 0.04% versus 0.03 £ 0.02%, p < 0.001; Table 3
and Fig. 3A), whereas serum bone turnover markers showed no
significant difference between groups (Table 3). Logistic regres-
sion analysis was performed with related variables, including
age at diagnosis, cOC, bone-specific ALP, and C-telopeptide,
and identified cOC as an independent risk factor for incipient
bone metastasis (Supplemental Table S2).

To further evaluate predictive value of cOC for the progression
of bone metastasis, a ROC curve analysis was performed. Area
under ROC curves was 0.956 (p = 0.01), and the optimal cut-off
value was established at 0.069% with the highest positive predic-
tive value, 100% (Fig. 3B). Patients with cOC >0.069% showed
significantly shorter bone metastasis-free survival than those
with cOC <0.069% (HR = 462.5, p < 0.001; Fig. 3C). Collectively,
higher baseline cOC predict the development of new bone
metastasis in the patients without overt clinical bone metastasis
at enrollment.

Increase of cOC precedes the outgrowth of bone micro-
metastasis and tumor-induced osteolysis in mouse bone
metastasis models

To further explore the kinetics of cOC changes during the pro-
gression of bone metastasis from micro-metastasis to massive
osteolysis, mouse models of bone metastasis were established,
and cOC were measured at multiple time points. First, MDA-
MB-231-Luc human breast cancer cells were xenografted in the
proximal tibias of female athymic mice, and tumor cell coloniza-
tion and growth were examined by bioluminescence imaging
and histologic analyses at days 3, 5, 11, and 14 (Fig. 4A). Tumors
became detectable by bioluminescence imaging only at day
14, but histological examination confirmed the existence of
tumors at earlier time points (ie, days 3, 5, and 11) (Fig. 4C, D).
Tumor cells formed micro-metastatic colonies adjacently to the
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Fig. 2. cOC predicts the progression of established bone metastasis. Sixty-three patients with bone metastasis were sampled for cOC analysis at baseline
and reevaluated for disease progression after 18 months by diagnostic imaging study. The patients were divided into two groups, ie, stable (n = 37) and
progressive (n = 22) based on diagnostic images. (A) A violin plot showing cOC % measured at baseline between stable and progressive disease groups. (B)
A ROC curve for the evaluation cOC cut-off value for the progression of established bone metastasis. (C) Kaplan-Meier survival analysis for bone
metastasis-free survival between two groups dichotomized by cOC percentage (cut-off = 0.045%). Survival analysis was performed by log-rank test.

Table 2. Clinical Characteristics of Patients With Bone Metastasis (BM*) According to the Disease Status of Bone Metastasis at the End of
18-Month Study

Disease status of bone metastasis Stable disease Progressive disease p Value
No. of patients 37 22
Age (years) at enrollment 535+ 105 55.6 £+ 8.1 0.417
At diagnosis

Age (years) 474 + 10.6 494 4+ 8.0 0.447

Postmenopausal, n (%) 19 (51) 9 (41) 0.436
Molecular Subtypes 0.361

ER/PR(+) HER2(+4), n (%) 7 (19) 1(4)

ER/PR(+) HER2(-), n (%) 22 (60) 17 (77)

ER/PR(—) HER2(+), n (%) 6 (16) 3(14)

ER/PR(—) HER2(-), n (%) 2 (5) 1(5)
Previous use of zoledronate, n (%) 13 (35) 13 (59) 0.073
Previous radiotherapy to bone, n (%) 4(11) 4(18) 0.430
C-telopeptide (ng/mL) 0.33 £ 0.26 0.35£0.19 0.721
Bone ALP (pg/L) 18.1 + 15.6 158+ 75 0.554

ER/PR(+) = estrogen receptor (ER)-positive and/or progesterone receptor (PR)-positive; ER/PR(—) = ER-negative and PR-negative; Bone
ALP = bone-specific alkaline phosphatase.
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Table 3. Clinical Characteristics of Patients Without Bone Metastasis (BM~) According to the Presence of Incipient (De Novo) Bone Metas-

tasis at the End of 18-Month Study

Presence of incipient bone metastasis at 18 months BM™ Incipient BM* p Value
No. of patients 30 3
Age (years) at enrollment 56.0 + 6.9 60.7 + 4.0 0.168
At diagnosis
Age (years) 506 + 7.6 57.7 £35 0.041
Postmenopausal, n (%) 20 (67) 3 (100) 0.130
Molecular subtypes 0.274
ER/PR(+) HER2(+), n (%) 5(17) 1(33)
ER/PR(+) HER2(-), n (%) 9 (30) 0(0)
ER/PR(—) HER2(+), n (%) 6 (20) 0(0)
ER/PR(—) HER2(-), n (%) 10 (33) 2 (67)
C-telopeptide (ng/mL) 0.38 +0.23 0.58 +£0.59 0.619
Bone ALP (ug/L) 20.6 + 22.1 11.7 +£ 26 0.052
ER/PR(+) = estrogen receptor (ER)-positive and/or progesterone receptor (PR)-positive; ER/PR(—) = ER-negative and PR-negative; Bone

ALP = bone-specific alkaline phosphatase.

endosteal surface in the bone marrow as early as days 3 and
5 (Fig. 4D). At day 11, expansion of tumor growth was prominent,
and woven bone formation (indicating increased osteoblastic
activity) mixed with tumor cells was observed (Fig. 4D). On day
14, tumor cells had nearly completely replaced the bone mar-
rows, and lytic bone lesions were observed. Interestingly, cOC
significantly increased at days 5 and 11 compared with non-
tumor-bearing control mice (Fig. 4B), suggesting that increase
of cOC precedes the outgrowth of bone micro-metastasis and
the increase is indicative of the existence or development of
bone metastasis. Moreover, polynomial regression analyses
revealed that tumor growth was exponential (blue dotted line,
Fig. 4C), whereas cOC levels increased in early bone metastasis
(ie, day 5) and subsequently taper off (blue dotted quadratic
trend line, Fig. 4B) in the massive osteolysis phase, supporting
the value of cOC as an early bone metastasis biomarker.

Increase of cOC in the early phase of bone metastasis
progression even when the metastatic lesions are not
detectable by bioluminescence

To further investigate cOC kinetics in a more clinically relevant
hematogenous bone metastasis model, an intra-cardiac injec-
tion bone metastasis model was used. MDA-MB-231-Luc cells
were injected in the systemic circulation via the left heart ventri-
cle of female athymic nude mice and the development of bone
metastasis was monitored by bioluminescence imaging every
3 to 4 days (Fig. 5A). Increase of cOC was observed as early as
day 7 (Fig. 5B), whereas bioluminescence imaging could not
detect bone metastasis until day 22 (Fig. 5C). In addition, similar
to the intra-tibial model (Fig. 4B), cOC levels showed a significant
quadratic trend (Fig. 5B).

Furthermore, we employed an additional mouse model to val-
idate our data. Briefly, intra-cardiac injection of 4T1-Bone, a bone
metastatic subclone of 4T1 murine breast cancer cells, com-
monly results in 70% to 80% success in forming bone metastasis
in hindlimb long bones (Supplemental Fig. S1), and we took
advantage of this heterogeneity. Among 15 mice injected with
4T1-Bone cells, 11 mice developed overt bone metastasis (73%)
but 4 mice did not form bioluminescence-detectable bone
metastasis (27%) by day 9 (Fig. 6A). In contrast, cOC levels distin-
guished BM* and BM™ groups as early as day 6 when biolumines-
cence imaging failed to distinguish the two groups (Fig. 6B).

Furthermore, cOC positively correlated with the intensity of bio-
luminescence on day 9 (y> = 0.425, p < 0.01) (Fig. 6C). Taken
together and consistent with our human data, the current mouse
study confirmed that cOC changes in the early phase of bone
metastasis of breast cancer and also that cOC are a predictive
biomarker for bone metastasis progression.

Discussion

One of the urgent unmet clinical needs for bone metastasis is an
early diagnosis before the initiation of the destructive cascades
of bone tissue. The present study developed a blood test to pre-
dict and monitor the progression of bone metastasis. We dem-
onstrated that level of cOC to predict the de novo
development of bone metastasis in metastatic breast cancer
patients, earlier than the current image-based diagnosis. The
optimal cut-off value for cOC predicting de novo development
of bone metastasis was 0.069% by flow cytometric analysis of
PBMC. Furthermore, higher cOC also predict disease progression
in already established bone metastasis. Patients with cOC higher
than a 0.045% cut-off showed significantly shorter bone metas-
tasis progression-free survival. In contrast, serum bone turnover
markers, including bone-specific ALP and C-telopeptide, did
not show significant difference during the progression of bone
metastasis, indicating limitations of serum bone turnover
markers as effective diagnostics for early lesions of bone metas-
tasis. Taken together, the present study for the first time to our
knowledge demonstrates that cOC are a potentially sensitive
novel biomarker for early diagnosis of bone metastasis in breast
cancer patients.

For the purpose of early diagnosis of de novo bone micro-
metastasis or reactivation of subsistent bone metastasis in opti-
mizing the starting point of interventions, previous studies have
been focused on developing novel biomarkers using bone
turnover-related markers or various cancer-related factors.®?
First, bone turnover-related markers such as bone-specific ALP,
P1NP, C-telopeptide, or N-telopeptide have been intensively
investigated for diagnostic and prognostic tools;®*® however,
most of the investigations were retrospective, and the predictive
values were suboptimal. In general, measuring bone turnover-
related markers has several limitations. The serum levels easily
change depending on the circadian and seasonal variations,
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Fig. 3. Higher cOC predict de novo bone metastasis in the patients without bone metastasis at baseline. Thirty-three patients without bone metastasis
were sampled for cOC analysis at baseline and reevaluated for disease progression after 18 months by diagnostic imaging study. The patients were
divided into two groups according to the presence of bone metastasis at 18 months, ie, no bone metastasis (BM™~, n = 30) and incipient bone metastasis
(BM*, n = 3). (A) A violin plot showing cOC % measured at baseline between BM™ and incipient BM* patient PBMC. (B) A ROC curve for the evaluation cOC
cut-off values for incipient bone metastasis. (C) Kaplan-Meier survival analysis for bone metastasis-free survival between two groups dichotomized by cOC
percentage (cut-off = 0.069%). Survival analysis was performed by log-rank test.

fasting status, and liver and kidney functions.®*® In particular,
anti-cancer therapies including hormone therapies to breast
or prostate cancers affect circulating levels of bone turnover-
related markers. To overcome these shortcomings, studies pro-
ceeded to investigate cancer-related proteins, such as IL-1f,
growth/differentiation factor (GDF)-15, CXCR-4, osteopontin
or parathyroid hormone (PTH)-related peptide (PTHrP), or sev-
eral miRNAs were suggested as biomarkers for bone
metastasis.®”"*? However, these also presented several limita-
tions. First, the above-listed candidate markers were investi-
gated using metastatic tissue samples with retrospective
review of clinical data, undermining clinical usefulness as non-
invasive diagnostic tools. Second, most of the markers were not
specific to bone metastasis and could have been affected by
extraskeletal metastatic lesions or systemic inflammation. Thus,
previous efforts highlight the need to identify novel predictive
biomarkers.

In the current study, a cross-sectional comparison of cOC at
enrollment between the patients with and without bone metastasis

showed minimal differences despite statistical significance. One of
the possible explanations is that the recruited patients with bone
metastasis (BM*) were in various stages of bone metastasis, and
25% and 13% of them had already received bone-targeting treat-
ments such as intravenous zoledronic acid or radiation therapy to
bone. Indeed, bone scan analysis showed that the levels of cOC
were significantly higher in the low-burden group (which can now
be interpreted as early bone metastasis) compared with the high-
burden group, who had disseminated bone metastasis (ie,
advanced bone metastasis). Interestingly, cOC in the high-burden
group was similar to that in the no-metastasis group. Concurringly,
our animal experiment using the intra-tibial injection model
showed that levels of cOC increased at the early micro-metastasis
stage when micro-metastatic bone lesions are involved with osteo-
blastic proliferation and mobilization but reduced in the subsequent
phase of massive osteolysis and expansive tumor growth (Figs. 4
and 5). Collectively, presence of cOC predicted early incidence of
micro-metastasis in bone more accurately than the changes of bone
turnover markers, whereas cOC decreased correlatively in the later
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stage of advanced-stage (osteolytic) bone metastasis. This study led
us to deduce that measurement of cOC, in addition to imaging diag-
nostics, can first be applied as a sensitive novel diagnostic for early
detection of initiation or reactivation of bone metastasis. For exam-
ple, the patients with higher cOC but no clear evidence of bone
metastasis on imaging diagnostics can be recommended for

short-interval follow-up or considered for further preventive therapy
using high-dose antiresorptives. Further prospective studies are
needed to validate the predictive values of cOC in stages Il and Il
patients with clinically high risk for bone metastasis and the value
of cOC as companion diagnostics with bone-targeting therapeutics
such as zoledronate or denosumab.
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Fig. 5. cOCincrease in the early phase of bone metastasis progression even when the metastatic lesions are not detectable by bioluminescence imaging.
(A) Schematic representation of the experiment. To model hematogenous metastasis to bone, MDA-MB-231-Luc human breast cancer cells were injected
into the systemic circulation via left ventricular (ie, intra-cardiac) injection. At days 3, 7, 14, and 21 after tumor inoculation, bone metastasis was evaluated
by bioluminescence imaging, and subsequently mice were euthanized for histological analysis and blood sampling for flow cytometry. n = 18 per each
time point group. (B) cOC (% of total CD45 cells) were quantified by FACS from whole blood and plotted. Data are mean + SEM. The p values are from
Tukey post hoc multiple comparisons analysis. The p values comparing each point with day 3 group are indicated, and not-shown p values are: day 7 versus
day 14 p = 0.463; day 7 versus day 22 p = 0.335; day 14 versus day 22 p = 0.996. Polynomial regression analysis (blue dotted line) revealed a significant
guadratic trend between time (day) versus cOC (%) (R?=0.123, B2 coefficient p = 0.008). (C) Representative pictures of bioluminescence imaging at each
time point and a graph showing quantification of bone metastasis lesion size. Data are mean £+ SEM. The p values are from Tukey post hoc multiple com-
parisons analysis. The p values comparing each point with day 3 group are indicated, and not-shown p values are: day 7 versus day 14 p = 0.823; day 7 ver-
sus day 22 p = 0.044; day 14 versus day 22 p = 0.271. Polynomial regression analysis (blue dotted line) did not show quadratic trend between time (day)
versus bioluminescence activity (R? = 0.131, p2 coefficient p = 0.441).

Fracture is one of the confounding factors during the diagnosis
of bone metastasis, since metastatic breast cancer patients, espe-
cially those who underwent aromatase inhibitor therapy, have high
risk for benign osteoporotic fracture.*” Once patients have a frac-
ture, it is difficult to distinguish between benign osteoporotic

fractures versus metastasis-related fractures. Moreover, fractures
cause significant changes in bone structure; hence it is reasonable
to deduce that cOC might be increased with fracture independently
of bone metastasis. The present study showed that cOC were not
significantly different according to the presence of the fracture.

FIGURE 4 Increase of cOC precedes the outgrowth of bone micro-metastasis and the tumor-induced osteolysis in vivo. (A) Schematic representation of the

experimental design. MDA-MB-231-Luc human breast cancer cells were implanted in the proximal tibia of female athymic mice. At days 3, 5, 11, and 14 after
tumor inoculation, bone metastasis was evaluated by bioluminescence imaging, and subsequently mice were euthanized for histology and blood sampling
for flow cytometry. Non-tumor mice were used as controls. (B) cOC (% of total CD45 cells) were measured by flow cytometric analysis of PBMC. Data are mean-
+ SEM. The p values are from Tukey post hoc multiple comparisons analysis. The p values comparing each point with control group (ie, non-tumor group) are
indicated, and not-shown p values are: day 3 versus day 5 p = 0.031; day 3 versus day 11 p = 0.004; day 3 versus day 14 p = 0.347; day 5 versus day 11 p = 0.945;
day 5 versus day 14 p = 0.818; day 11 versus day 14 p = 0.379. n = 8 (control group), 15 (days 3, 5, 11 groups), and 14 (day 14 group). Polynomial regression
analysis (blue dotted line) revealed a significant quadratic trend between time (day) versus cOC (%) (R* = 0.338, p2 coefficient p < 0.001). (C) Representative
pictures of bioluminescence imaging and a graph showing quantification of bone metastasis lesion size. Data are mean + SEM. The p values are from Tukey
post hoc multiple comparisons analysis. The p values comparing each point with control group (ie, non-tumor group) are indicated, and not-shown p values
are:day 3 versus day 5 p = 0.995; day 3 versus day 11 p =0.022; day 3 versus day 14 p < 0.001; day 5 versus day 11 p = 0.049, day 5 versus day 14 p < 0.001; day
11 versus day 14 p = 0.033. n = 5 each group. Polynomial regression analysis (blue dotted line) revealed a significant positive quadratic trend between time
(day) versus bioluminescence activity (R = 0.761, 2 coefficient p = 0.004). (D) Representative pictures from histological examination of the tumor-bearing
bones. Bone metastatic tumors were detected by anti-human cytokeratin 8 immunohistochemistry, and tumor-induced osteoclastogenesis was visualized
by TRAP staining. Upper row = lower magnification; lower row = higher magnification of the insets (dotted boxes).
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Fig. 6. cOC levels predict the development of bone metastasis in vivo. A murine syngeneic bone metastasis model was established by injecting the bone
metastatic subclone of 4T1 breast cancer cells (ie, 4T1-Luc-Bone) in the systemic circulation of female Balb/c mice (n = 15). (A) Eleven mice developed bone
metastasis within 9 days as determined by bioluminescence imaging (ie, bone metastasis* group), whereas the other 4 mice did not (ie, bone metastasis~
group). The incidence of bone metastasis development in this model was within the normal range based on previous experiments in our laboratory. Rep-
resentative bioluminescence images were chosen from each group. Quantification of bioluminescence signals confirmed the development of bone
metastasis. Dots represent individual mice, and whiskers represent median =+ interquartile range. The p values are from Mann-Whitney U test. (B) cOC
(% of total CD45 cells) were significantly increased in the bone metastasis group at day 6 when bioluminescence activity between the two groups were
not significant. Dots represent individual mouse, and whiskers represent median =+ interquartile range. The p values are from Mann-Whitney U test. (C)
Linear regression analysis between cOC and bone metastasis tumor size measured by bioluminescence activity on day 9.

Particularly, cOC in the BM™ group showed no difference between
groups whether they had fracture or not, suggesting that benign
fractures do not affect cOC levels. Meanwhile, BM* patients with
metastatic site fracture showed higher cOC than patients without
fracture in the BM* group, although it was not statistically signifi-
cant because of the small sample size. Indeed, the impact of
fractures on cOC levels needs further investigation to increase sam-
ple size and also consider the effects of onset time of fractures.

Although the current study focused only on breast cancer
bone metastasis, we anticipate that cOC can be applicable to
bone metastasis from other organs such as prostate, lung, etc.
Prostate cancer also frequently metastasizes to bone but pre-
dominantly forms osteoblastic lesions, contrary to osteolytic
lesions formed by breast cancer cells. Importantly, many clinical
features such as hormone levels, hormone receptors, postmeno-
pausal osteoporosis, and osteoblastic activities must be taken
into account when conducting future clinical trials using cOC in
prostate and lung cancer bone metastases.

In conclusion, higher levels of cOC in PBMC can predict incip-
ient progressions of bone metastasis in breast cancer earlier than
imaging modalities. Measurement of cOC may serve as a sensi-
tive novel biomarker for early diagnosis and progression of bone
metastasis.
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