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Abstract The study investigated the anti-tumour effect of
zoledronic acid (ZA) administered alone in a biological
window therapy in naive bone-only metastatic and locally
advanced breast cancer (LABC) patients. 33 patients with
LABC (Group 1) and 20 patients with a first diagnosis of
bone metastasis only (Group 2) received 4 mg single dose of
ZA, 14 days (biological window) before starting any treat-
ment. In Group 1, Ki67, CD34, p53/bcl-2 and caspase 3
expression along with the adenosine triphosphate (ATP)
levels and RNA disruption index were evaluated as markers
of tumor growth in tumour specimens obtained before and
after ZA administration (basal, day 14). In Group 2, the total
enumeration of circulating tumour cells (CTCs), and of
M30+ve CTCs along with the soluble marker of cell death
(M30/M65) were carried-out as markers of tumor dissemi-
nation at baseline, at 48 h and day 14th. In Group 1, there was
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a significant reduction in Ki67, CD34, bcl-2 expression after
14 days ZA based-treatment (p = 0.0032; p = 0.0001,
p < 0.00001 respectively). ZA showed a significant increase
of RNA disruption (p < 0.0076). In Group 2, we observed a
significant reduction of CTCs number after 48 h
(p = 0.0012), followed by a significant rebound at 14 days
(p = 0.012). The apoptotic CTCs/M304-ve and M65 levels
significantly increased under treatment (p = 0.018 and
p = 0.039 respectively) after drug administration when
compared to the baseline. These results are the first pro-
spective in vivo data showing the direct pure anti-tumour
effect (either on the tumour cell or on CTCs) of ZA.
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Introduction

The development of metastatic disease is the major cause
of death in patients with breast cancer [1]. Metastasizing
breast cancer cells disseminate to lymph nodes, peripheral
blood, bone marrow and/or other distant sites, in the course
of the disease. Metastatic spread often occurs at early
stages of the disease and is present in ~30-40 % of
patients with apparently a localized disease which will be
responsible for the disease progression [2, 3].

Recent preclinical and clinical studies have suggested
that bone provides a permissive niche to tumor cell growth,
and targeting the interactions within the bone milieu may
represent an important strategy to suppress tumor devel-
opment [4]. Although the precise molecular mechanisms
underlying this process remain to be elucidated, it is now
increasingly being recognized that the unique characteris-
tics of the bone niche provide homing signals to cancer
cells, and create a microenvironment conducive for the
cancer cells to colonize. Concomitantly, cancer cells
release regulatory factors that result in abnormal bone
destruction and/or formation [5]. This bidirectional inter-
action between the cancer cells and bone microenviron-
ment results in the creation of a “vicious cycle” that
increases bone destruction, facilitating the establishment/
development of cancer micrometastases. Thus, targeting
the pre-metastatic niche, and manipulation of its regulatory
mechanisms of indwelling cells may prove highly advan-
tageous in ameliorating the progression of micrometastases
and impact on the cancer patients outcome [6].

Bisphosphonates (BP)s have been widely used for the
prevention and management of skeletal related event
(SRE)s in patients with osteolytic/osteoblastic metastasis.
An increasing body of evidence supports their direct and
indirect anticancer actions both in vitro and in vivo
(reviewed by Clezardin [7]). The BP zoledronic acid (ZA)
inhibits tumor cell growth, induces tumor cell apoptosis,
and synergizes with chemotherapy and radiotherapy
in vitro [8]. Also in vivo, BP induces inhibition of cancer
cell proliferation, induction of apoptosis inhibition of
angiogenesis, inhibition of tumor migration, invasion, and
metastasis, reduction in disseminated tumor cells (DTCs),
stimulation of immune surveillance and suppression of
bone-derived growth factors [9-14].

However, the clinical evidence of the BPs anti-tumor
effect is still under evaluation, although recent data suggest
that the addition of ZA to oncologic therapies improves
disease response rate and also outcomes in postmenopausal
(or receiving ovarian suppression therapy) women with
early breast cancer [15]. Thus, the neoadjuvant subgroup
analysis of the AZURE trial showed a significant increase
in pCRs in patients treated with ZA and the ABCSG-12
and Z/Zo-FAST have shown a disease-free survival benefit
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with ZA in women receiving adjuvant endocrine therapy
[15, 16]. These experimental and clinical findings carry
important clinical implications not only for the treatment of
bone metastases but also for strategies to reduce the
probability of tumor progression [17]. They suggest that
BPs should be used early in the clinical management of
cancers to positively impact on patients’ survival. Despite
these data, the concomitant administration of an active
anti-neoplastic treatment is a confounding factor to eval-
uate the real antitumor effect of ZA.

Therefore in order to elucidate this important clinical
issue, we performed a prospective pivotal study to inves-
tigate the in vivo role of ZA, administered alone in a
“biological window therapy” opportunity in two different
settings: Group 1 of breast cancer patients with locally
advanced breast cancer and Group 2 of “bone only” met-
astatic breast cancer patients at their first relapse. The anti-
tumor action of ZA was evaluated by analyzing prolifera-
tion/angiogenesis/death-rate as markers of tumor growth in
Group 1 and circulating tumor cell (CTC) number (total
and M30+-ve) along with soluble markers of cell death as
marker of tumor dissemination in Group 2.

Materials and methods
Patients’ characteristics

Thirty-three patients with locally advanced breast cancer
(Group 1) and twenty patients at their first relapse with
bone metastasis only (Group 2) were eligible for the study.
They had a histologically confirmed solid neoplasm in
Group 1 and presence of only bone metastases in Group 2
as evaluated with "*FDG-PET/CT or CT scan identification
and radiographic confirmation of bone metastases.
Patients’ characteristics are shown in Table 1.

Enrolled patients received 4 mg single dose of ZA
(Zometa®, Novartis, Milan, Italya) before starting any
treatment (biological window of 14 days) (Fig. 1). All
patients were required to have at study inclusion a baseline
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status <2, a neutrophil count >1.5 x 109/1, a
platelet count >100 x 10%1, normal hepatic and renal
function as determined by serum creatinine <1.5 times the
upper limit of normal and creatinine clearance >60 ml/min
and no acute or chronic infections or inflammatory dis-
eases. Patients were considered ineligible for accrual when
they had reported fever (body temperature >38.0 °C)
during the last week before study entry or had received any
radiotherapy, chemotherapy, immunotherapy, or growth
factors during the last 4 weeks before study accrual. Any
chemotherapy or hormone therapy were excluded during
the “biological window” opportunity treatment (2 weeks).
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Table 1 Baseline characteristics of the patients in the Group 1
(neoadjuvant setting) and Group 2 (metastatic setting)

Clinical parameters Group 1 (n =33) Group 2 (n = 20)

Sex, n (%)
Female 33 (100.0) 20 (100)
Male 0 0

Age, years (%)

Median (range) 47.8 (34.6-69.2)  70.1 (40.1-81.8)

Mean + SD 494 + 8.2 67.6 £ 11.2

<65 31 (93.9) 7 (35)

>65 2 (6.1) 13 (65)
Menopausal status, n (%)

Pre- 20 (60.6) 1(5)

Post- 13 (39.4) 19 (95)

Not known 0 0
Basal histotype, n (%)

IDC 19 (57.6) 15 (75)

ILC 8 (24.2) 3 (15)

Other 5(15.2) 0

Not known 1 (3.0 2 (10)
Tumor grade, n (%)

1 0 0

2 20 (60.6) 5(25)

3 12 (36.4) 12 (60)

Not known 1 (3.0 3(15)
ER status, n (%)

Positive 29 (87.9) 16 (80)

Negative 4 (12.1) 3 (15)

Not known 0 1(5)
PgR status, n (%)

Positive 26 (78.8) 8 (40)

Negative 7 (21.2) 11 (55)

Not known 0 1(5)
HER?2 status, n (%)

Positive 0 6 (30)

Negative 33 (100.0) 13 (65)

Not known 0 105
Basal MIB-1 LI, (%)

Median (range) 18 (3-90) 18 (1-70)

Mean + SD 25.3 £ 20.6 242 + 174

<14 9 (27.3) 4 (20)

>14 24 (72.7) 15 (75)

Not known 0 15

During the study period no patient received daily calcium
and vitamin D supplementation. All patients received ZA
on an out-patients basis and provided written informed
consent prior to screening. The institutional review board
approved this prospective study (CE Approval Prot
21938/2011LB).

Treatment schedule

Patients received a single dose of 4 mg diluted in 100 ml
saline, intravenously, in about 15 min of ZA without any
other active concomitant treatments (i.e. chemotherapy or
endocrine therapy) (Groups 1 and 2). In patients with
locally advanced disease, the biological evaluations were
performed at baseline on the diagnostic biopsy and repe-
ated after 14 days from ZA administration on a second tru-
cut biopsy (Group 1) whereas in patients with bone meta-
static disease, CTCs counts along with serological markers
were performed before ZA administration, at 48 h and at
14 days after treatment (Group 2) (Fig. 1).

Immunohistochemistry

Immunohistochemical evaluation was performed on for-
malin-fixed paraffin-embedded tumor samples obtained at
diagnosis and at 14th days on tru-cut. ER, PgR, overex-
pression of HER2 and Ki67, CD34 with p53 and bcl-2
staining were performed at the Pathology Unit of the Az-
ienda Ospedaliera-Istituti Ospitalieri of Cremona (Italy).
The immunohistochemical methodology is fully described
elsewhere [18]. The Caspase 3 immunohistochemistry was
performed at the Pathology Unit of Peter MacCallum
Cancer Centre (Australia) [19].

ATP

ATP content was assayed as previously described [20]
using a luminescence assay system (ATPlite, PerkinElmer)
according to manufacturing instructions. Briefly, frozen
tumor biopsies were minced and homogenized in ice-cold
lysis solution provided with the kit using a homogenizer.
Membranes and cellular debris were eliminated by centri-
fuging at 12,000xg for 10 min at 4 °C. Protein concen-
trations were determined by DC protein-assay (Bio-Rad
Laboratories). Equal amounts of tissue proteins from each
sample (30 pg/50 pl of lysis solution) were incubated with
50 pl of luciferine/luciferase substrate solution and ana-
lyzed for ATP content by using a Luminescence Counter
(Enspire, PerkinElemer). ATP concentrations were calcu-
lated on the basis of an ATP standard-curve and expressed
as pmol/mg protein.

RNA disruption index (RDI)

Tumour samples were shipped in a RNA preservative to
Rna Diagnostics (Sudbury, Canada) where they were sub-
sectioned based on gross pathology. RNA was then isolated
using the Qiagen miRNeasy kit from each portion of the
tumour and the RNA analysed using an Agilent Bioana-
lyzer 2100. Data from the resulting RNA
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electropherograms were analysed using proprietary algo-
rithms and an RNA Disruption Index (RDI) value was
established for each RNA isolate. Mean RDI values were
calculated for each tumour sample.

Circulating tumor cells (CTCs) assay

The enumeration of CTC in whole blood was done by the
CellSearch System according to manufacturer’s instruction
as described by Cristofanilli et al. [21]. Results are
expressed as number of cells/7.5 ml of blood. Quality
control was maintained via the CellSearch CTC Control
Kit used to standardize reagents, instruments, and operator
technique.

To quantify the fraction of apoptotic CTC, M30-positive
CTC were detected integrating CTC assay with a specific
mAb (M30 PEVIVA AB, Bromma, Sweden), recognizing
the M30 neoepitope of cytokeratin 18 (CK18), analyzed
with the fourth filter of the CellSearch System; results were
expressed as the total number of CTC and M30-positive
CTC per 7.5 ml of blood as described elsewhere [22].

M30/M65 apoptosense assay

The M30 is a biomarker assay for the quantitative deter-
mination of caspase-cleaved cytokeratin 18 (CK18)
released from apoptotic carcinoma cells into blood and
may estimate the tumour response to the treatment. Total
CK18 (cleaved and non cleaved) is detected by M65. Blood
samples were collected from patients at the same time-
point as indicated for Group 2 into the K,EDTA
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anticoagulant tubes, and then centrifuged at 1,500 g for
10 min to obtain plasma. Levels of M30 and M65 were
measured in blood samples drawn at 8 am before starting
ZA administration and thereafter at 48 h and at 14 days
after the initial treatment (Fig. 1). M30 and M65 mea-
surements were tested in triplicate accordingly to the
manufacturers’ instructions (PEVIVA AB, Bromma, Swe-
den) as previously described in detail [23].

Statistical analysis

Changes in Ki-67 labelling indices, CD31, p53, bcl-2,
caspase 3 expression, CTCs counts, M65 and M30
expression over time were tested with the Wilcoxon signed
rank test. Relationships were examined using the Spear-
man’s rank correlation. All tests were performed two-sided
and p values <0.05 were considered statistically signifi-
cant. Statistics on ATP and RDA values were done with
paired ¢ test. All analyses were performed with STATA
software system (version 12.1, Taxas, USA: www.stata.
com).

Results

Patients’ characteristics and treatment tolerability
Thirty-three patients with locally advanced breast cancer
(Group 1) and twenty patients at their first relapse with

bone metastasis only (Group 2), were considered eligible
for the study. Baseline characteristics of the enrolled
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patients at baseline and post-treatment histology according to
treatment received. The large majority of patients randomized
receiving ZA showed a suppression of Ki-6, CD34 and bcl-2
expression. Non changes in caspase 3 and p53 expression were noted

patients are summarized in Table 1 Patients were evaluated
by physical examination, and blood samples were obtained
for laboratory analysis. ZA administration was well toler-
ated. Mean serum creatinine level did not vary with treat-
ment. ZA administration did not lead significant difference
on the levels of bone-turnover markers, as calcium, PTH,
BALP and VIT-D3 [1-25]. No patient developed osteo-
necrosis of the jaw or other significant adverse events.

Markers of tumor proliferation

In Group 1, no clinical variation in tumour size was
detected after treatment with ZA. The median Ki67 basal
value (18 %; range 3-90) showed a significant decrease
after 14 days of ZA infusion (16 %; range 0-90)
(»p = 0.0032); 22 (66,6 %) patients had a decrease, 6
(18.2 %) had an increase and 5 (15.2 %) were stable in
Ki67 expression under treatment (Fig. 2). The median
CD34 expression (27 %; range 10-53) at baseline showed
a significant reduction in expression after treatment (16 %;
range 9-39) (p = 0.0001) (Fig. 2).

With regards to the markers of apoptosis bcl-2 expres-
sion also showed a statistically significant decrease
(p < 0.00001) from baseline (100 %; range 20—-100) to the
14 days (40 %; range 0-80), being decreased in 30 speci-
mens (96.8 %), and increased in only 1 (3.2 %) (Fig. 2).
No changes in caspase 3 expression before and after
treatment were detected; p53 expression was also not
affected (p = 0.3) by the treatment, being unchanged in 27
specimens (87.1 %), increased in 1 (3.2 %) and decreased
in 3 (9.7 %) (data not shown).

In 24 analysed matched-pairs samples, the average of
ATP value was 230,93 pmol/mg protein at the incisional
biopsy and 216.57 pmol/mg protein after administration of
ZA, respectively, indicating a slight increase of antitumor
activity of ZA detected by the reduction of tumour energy
in primary breast cancer. However, the difference between
the two groups was not significant (p = 0.79) (data not
shown).

Also, in 14 matched-pairs samples, analysing the RDI
induced by the treatment after the single administration of
ZA showed a significant increase (p < 0.0076) of RDI
levels after treatment (baseline: 0.63; range 0.29-0.95;
14 days: 1.21; range 0.53-7.51) suggesting an alteration of
RNA integrity by the BP (Fig. 3).
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Fig. 3 Median values of RDI levels in the tumor specimens before
(baseline) and after (14 days) administration of ZA (p < 0.0076)

Marker of tumor dissemination

The effects on median alive circulating CTC levels tested
at 0, 2 and 14 days after the first ZA infusion were
observed. The median CTC basal value (12 cells/7.5 ml of
blood; range 0-71) showed an early statistically significant
(p = 0.0012) decrease already 48 h after the first ZA
infusion (4 cells/7.5 ml of blood; range 0-54). However,
after 14 days after ZA infusion there was a rebound of
CTC levels (12 cells/7.5 ml of blood; range 0-69)
(»p = 0.012) (Fig. 3) and thus no difference was noted
between baseline and 14 days (p = 0.6574).

With regards to the apoptotic CTCs/M30+ve, the
median of basal CTC/M30+ve value (2 cells/7.5 ml of
blood; range 0-11) showed a significant increase after
treatment: at 14 days (3 cells/7.5 ml of blood; range 0-25)
(p = 0.018) (Fig. 3): no significant changes at 48 h (2
cells/7.5 ml of blood; range 0-11) (p = 0.7065) were
observed. Significant increase of CTC/M30+-ve cells were
noted between 48 h and 14 days (p < 0.019).

The levels of M30 and M65 were determined on blood
samples of metastatic breast cancer patients (Group 2)
collected at baseline, at 48 h and at 14 days after ZA
administration at the same time point of CTCs evaluation
to assess apoptosis and cell death induced by the treatment.
In Group 2, no statistically significant change in serum
M30 level was observed before and after ZA treatment
(p = 0.9811) or at 48 h after administration (p = 0.2461).
M65 levels were statistically significant higher after drug
administration (14 days) when compared with the baseline
(370,69 U/l versus 335.3 U/l; range 174.2-1646.5 versus
113.7-596.4; p = 0.039). A non-significant increase was
detected after 48 h from infusion (p = 0.1128). Serum

@ Springer

M30 and M65 levels during ZA treatment are summarized
in Fig. 4.

Discussion

Zoledronic acid is now the standard clinical care in the
management of patients with metastatic bone disease in
preventing SRE [24] and evidence from its antitumor
activity suggest a further role in the adjuvant treatment of
breast cancer to improve the disease free survival [17].
Recent studies have showed the capacity of ZA to improve
chemotherapy activity inducing a higher rate of pCR in
neoadjuvant setting [15] and, in postmenopausal, to induce
a consistent improvement in both DFS and OS [25, 26].
The trend for a higher proportion of patients treated with
the combination achieving pCR compared with chemo-
therapy (CT) alone led to the antitumor hypothesis of ZA
in vivo, although the molecular mechanisms behind this
synergy remain to be established. Winter et al. [27] have
tried to explain the phenomenon analysing the role of ZA
on cell growth index (increased apoptosis and reduced
proliferation) along with an early greater reduction in
serum VEGF with the combination compared with CT only
(Fig. 5).

In order to understand the pure anti-tumor activity of ZA
along with the possible implicated molecular mechanisms
in breast cancer patients our study investigated the biologic
effects of ZA in neo-adjuvant setting and “in bone only”
metastatic breast cancer at their first relapse administered
alone in a “biological window therapy” opportunity.

In neo-adjuvant setting, ZA exerts anti proliferative
antitumor activity with a significant reduction of Ki67 after
14 days. These data are aligned with the early reduction of
proliferation induced by hormone therapy or CT suggesting
a real effect of BP on tumor proliferation [28]. ZA also
showed a concomitant reduction of the proliferation of
endothelial cells, evaluated by immunohistochemical
staining (CD34) confirming in breast cancer patients its
anti-angiogenic activity that has already been shown
in vitro [29].

Focusing of apoptosis-related markers, our study
showed a significant ZA-induced decrease in bcl-2
expression and in p53 and caspase 3 expression after
14 days. This induction of apoptosis includes the activation
of the intrinsic mitochondrial pathway leading to a release
of cytochrome c into the cytosol where it triggers a number
of apoptotic events, including the activation of AIF
(Apoptosis Inducing Factor) or caspase 9 which in turn
activates caspase 3 and caspase 7 [30, 31]. The unchanged
expression of caspase 3 induced by the treatment suggests
that the apoptotic event could be dependent on AIF which
exits through the mitochondrial membrane, enters the
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cytosol, and finally ends up in the cell nucleus where it
signals the cell to condense chromosomes and fragment its
DNA molecules in order to prepare for cell death [32]. In
our study, p53 expression was also not affected by the
treatment suggesting that ZA could exert cytotoxic effects
against p53-mutant cancer cells similar to those against the
wt-p53 parental cells [33], demonstrating for the first time
in vivo that ZA-induced apoptosis does not involve the p53
signaling cascade.

Nutrient and metabolic molecules as intracellular amino
acid and ATP availability are crucial for cell-life and their
absence leads to cell-death. We measured the intracellular
content of ATP as possible surrogate marker of anti-tumor
activity of ZA. Our data showed only a slightly reduction
in ATP level at the tumor level induced by a single ad-
monstration of ZA. However, they are in accordance with
Fehm et al.’s report [34] who investigated the anti-
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Fig. 5 Changes in M30 and M65 levels at baseline, at 48 h and at
14 days after zoledronic acid administration. No changes of M30
were detected; M65 levels were statistically significant higher after
drug administration when compared to the baseline (p < 0.039)

proliferative effect of ZA in ex vivo resected human breast
specimens and compared it with the commonly used che-
motherapeutic regimens using an ATP luminescence assay.
Knowing that with a larger sample-size the magnitude of
the detected ZA effects on ATP levels should be more
pronounced, however, our data altogether suggest that ZA
seems to induce tumor cell apoptosis via mitochondrial
pathway associated via a reduction in ATP levels.

The antitumor effect of ZA was seen also at RNA level
where our study showed a significant increase of rRNA
disruption after treatment indicating decreased rRNA
integrity induced by the administered treatment. These data
enforce the previous results related to the antitumor effect
of ZA.

We also used a CTC approach in patients at their first
relapse with bone metastasis only to understand the anti-
tumor effect of ZA. We detected a significant reduction
after 48 h only with a slight increase till the 14 days.
Concomitantly we have found a significant increase of
apoptotic circulating tumor cells marked with M30 (as
described before [22]) after 14 days. These data are in
agreement with the reports on ZA based-treatment, which
showed a reduction of disseminated tumor cells (DTCs) in
the bone marrow of patients with breast cancer [35, 36].
ZA showed a decrease in tumor cell proliferation as it
occurs under chemotherapy, as early as 24-48 h [37, 41].
The early reduction of viable CTCs/increased of M30+ve
CTCs could be explained by the pharmacokinetic of ZA.
ZA plasma disposition is multiphasic: half-lives of 0.2 and
1.4 h represent an early rapid decline of peak concentra-
tions from the end of infusion to <1 % of C,.x at 24 h post-
dose during which ZA shows its activity, and half-lifes of
39 and 4,526 h describe subsequent phases of very low
concentrations between days 2 and 28 post-dose [38].
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Elimination occurs almost exclusively by the kidney.
Within 24 h after ZA administration, up to 41 % of the
dose infused is excreted un-metabolized in the urine, sug-
gesting that 60 % of the dose is retained in the skeleton or
in fat tissue. Bone remodelling processes or fat tissue will
slowly release retained ZA back into the systemic circu-
lation where it could exert its activity before being excreted
[39].

M30 and M65 are biomarker of apoptosis and they are
increasingly used for the evaluation of responses to anti-
cancer drugs in several tumor types [40]. In our series M30
did not show a significant change in an early phase or in a
late phase under ZA administration. This data is aligned
with the late increase of M30+4ve CTCS, suggesting that
the induction of apoptosis by ZA is a slow process.

Although deregulated control of apoptosis has been sug-
gested to contribute to tumor development and progression
in most cancers, increased levels of M65 might indicate that
predominant cell death might be caused by necrosis rather
than apoptosis in this setting. It has been proven that cells
undergo necrosis instead of apoptosis due to insufficient
production of ATP [41] and in our series ZA was able to
reduce the tumoral ATP level after treatment. In the present
study, M30 levels were not statistically modified by the
treatment; in contrast, serum M65 levels were associated
with significant increase. Increase of cell death, especially
necrotic cell death, might be reflecting the ZA activity on the
most aggressive behaviour of cancer cells; on the counterpart
the induction of apoptosis by ZA is confined to the less
aggressive cancer cells. These data, taken together, support
the hypothesis that ZA is able to modulate the tumor dis-
semination reducing the alive CTCs and increasing the
apoptotic counterpart, mirroring what found on tumor tissue
exposed to ZA in the same biological window treatment.

In conclusion the changes in the analysed biomarkers
suggest a critical role of zoledronic acid in anti-tumor
proliferation and anti-tumor dissemination maybe due to
relevant interactions between ZA, tumor biology and bone
microenvironment. Thee data strongly support the use of
ZA in combination to oncological treatments in breast
cancer patients in order to achieve a better outcome.
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