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. Breast cancer is prone to metastasize to bone: around 80% of patients with advanced disease exhik
. osteolytic bone metastad&9Once metastatic breast cells are in the bone marrow, they alter the functions

. of bone-resorbing (osteoclasts) and bone-forming (osteoblasts) cells and hijack signals caming fro

: the bone matrik? Speci cally, metastatic breast cancer cells enhance bone resorption and inhibit bone

. formation, which leads to skeletal destruction and subsequent occurrence of skeletal compflications

ese skeletal complications can be fatal or may rapidly impede the quality of life of patients by causing

- pathological fractures, hypercalcemia, nerve compression and loss of fhobility

Bisphosphonates are bone-seeking drugs that inhibit osteoclast-mediated boptorésoey are

© the standard of care for the prevention and treatment of skeletal complications itispattarmalignant

: bone diseageAdditionally, a body of preclinical evidence suggests that bisphosphonates may act as anti
: tumor agents, able to inhibit tumor cell adhesion, invasion and proliferatieitro®. Bisphosphonates

- also inhibit tumor growthin vivo through antiangiogenic, anti-invasive and immunomodulatory activ

© ities*®. However, bisphosphonates bind avidly to bone mineral, which limits their bioavailability and

. therefore their direct antitumor potentiah vive?S. is observation likely explains why high doses of

. bisphosphonates have o en been used in experimental studies. Unfortunately, due to renalgoxleity
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high doses are incompatible with the bisphosphonate dosing regimens that have been apptbged fo
treatment of patients with bone metastdses

Current advances in acoustic technology have made ultrasound a modality with therapeutic-and diag
nostic applications in oncolod¥ Ultrasound energy is a non-ionizing pressure wave that can produce
both mechanical and thermal e e&tsn this respect, high-intensity focused ultrasound has potential for
tumor ablation, causing tissue necrosis through the conversion of mechanical energy into heat (up to
80-90 °C within tissues) and inertial cavitation (that is formation and immediate and violentecollaps
gas- lled bubbles)*? Mild temperatures (around 43 °C) called hyperthermia can also be created using
ultrasound. Hyperthermia leads to increased blood ow and enhanced vagetdaeability and tumor
oxygenation, promoting e ectiveness of chemothetapyltrasound can also enhance local delivery of
drugs or genes through stable cavitation (that is the sustained growth of cavitation bothflesira
oscillations over several acoustic cycles) and mostly inertial cavitastable cavitation is thought to
enhance permeability of blood vessels by creating gaps between endothéfidUitedlsound can also
initiate the release of drugs from liposomes via inertial cavitation, whibinough the rarefactional
phase of an ultrasound wave - causes the expansion of a gas bubble followed by a violent collapse due
the inertia of the surrounding media. is collapse creates shock waves, which can disrupt they stabilit
of co-localized liposomal drug carri€tsHowever, producing cavitation for drug/gene delivery without
damaging tissues may be di cult to predict and contiolviva4S Interestingly, when used at a low
intensity, pulsed ultrasound can enhance bone fracture repair by inducing a mechanical stress in bo
which in turn, stimulate the ossi cation of a so callus through the modulation of calcium ions chan
nels-1% Because bone destruction not only results from enhanced osteoclast-mediated drptierres
but also of inhibition of bone formatidnlow-intensity ultrasound could be therefore an e ective strategy
in the treatment of bone metastasis to restore osteoblast furitiangxact mechanisms leading to
bone growth stimulated by low intensity pulsed ultrasound still need to be moreighdrainderstood.
Low-intensity ultrasound applied continuously might even enhance local delivery obdpspimates
in skeletal tumors by creating mild hyperthermia and biomechanical e ects, while avoiding cavitatio

Here, we sought to explore the e ects of low-intensity continuous ultrasound as a strategy to force
bisphosphonate penetration through tumor tissue using animal models of human breast cdrim@rea
metastasis. Results demonstrated signi cantly reduced bone destruction and slower tumor buihden, bot
in bone and outside bone, when using ultrasound in combination with the bisphosplrmbedronate.

Results_ B B 5

<ZtT S>’t"—-SE ecf FeSfe. e o0 LT feof —iWtro & Isopentenyl
pyrophosphate (IPP) accumulation is commonly used as a surrogate marker of bisph@spkopaia
tion in tumor cell§. Cells treated with PBS (vehicle) or HT alone did not accumulate IPP (Fig. S1A). No
IPP accumulation was observed with a 1-hour treatment of ZOL, combined or not with HT (Fig. S1A).
Accumulation of IPP in tumor cells was observed with a 24-hours treatment of ZOL (3084 mol/mg).
If a 24-hours treatment of ZOL was combined with 30 minutes of HT a signi cant increase in the
intracellular accumulation of IPP was observed when compared with ZOL alone (288mol/mg;
p 0.05) (Fig. S1A).

‘M ce_Feec—y —7Z-"fe'—ot ToeSfecidr ‘feadZEPb " cfivitrod e

bisphosphonate ZOL is a potent inhibitor of farnesyl pyrophosphate (FPPasgnth key enzyme in
the mevalonate pathwayAs a result of the inhibition of FPP synthase, ZOL prevents the prenylation
of small G-proteinsd.g, Ras, Rho and RaplA), which are essential for cancer cell adhesion, migration
and invasion, as it induces the intracellular accumulation of the ATP analogue isopentenyl pyrophos
phate (IPP) in tumor cefls Measurements of unprenylated small G-proteirss, (Rap1A) and IPP in
ZOL-treated tumor cells have been therefore used as surrogate markers of bisphesphiinanor
activity?.

e eects of ZOL and US on IPP accumulation in human MDA-MB-231/B02 breast cancer cells
in vitro was examined by mass spectrometry (Fig. S1). B02 cells treated with PBS (the vehicle for ZOL
or US alone did not accumulate IPP. By contrast, a one-hour ZOL treatment in combination with US
increased statistically signi cantly the intracellular accumulation of IPP in tumor cells acetinpith
either treatment alone (1,967882 and 109 61 pmol/mg protein in USZOL- and ZOL-treated tumor
cells, respectively? 0.01). A 24-hours ZOL treatment in combination with US further increased
intracellular IPP levels in tumor cells, compared with ZOL alone (7,%3Y vs 3,200 703 pmol/mg;
P 0.01) (Fig. S1). Combining US with ZOL allowed the highest accumulation of IPP compared to
all other groups, including pure hyperthermia treatments 05) (Fig. S1). Additionally, we found
a strong correlation between IPP accumulation and unprenylation of RaplA in B02 cells trdated wit
ZOL, alone or in combination with US (Fig. 1). As shown by Western blotting, uhaiechyRaplA was
undetectable in tumor cells treated only with US. Unprenylated RaplA welg batectable following
a 1-h ZOL treatment of tumor cells. By contrast, when ZOL and US were combined to treat BO2 cells
for 1 hour a substantially enhanced accumulation of unprenylated RaplA was observed (Fig. 1). A 24-h
treatment with ZOL further increased accumulation of unprenylated Rapl1A, irrespective of US.(Fig
However, given the short half-life of bisphosphonates in blood (approximately 1 hour), ikedyutiiat
cancer cells are exposed to a bisphosphonate for severalrheiwes
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Figure 1. Low-intensity continuous ultrasound (US) enhances the antitumor e ect of the

bisphosphonate zoledronate (ZOLip vitro. BO2 breast cancer cells were treated with M52OL for 1h,

then cultured without drug for 23h. C-US was given for 30 min. BO2 cells in culture also received a 24-h
ZOL treatment, alone or in combination with C-US (30 min). Alternatively, BO2 and MCF-7 breast cancer
cells were treated with B/ of the HMG-CoA reductase inhibitor lovastatin (LOV). Cells were harvested,
lysed and protein extracts were electrophoresed then analyzed by western blotting for the gresence o
unprenylated and total Rap1A. Cropped gels are presented. Full-length blots are presenpiénneStary

Figure 3. Tubulin was used as a control for equal protein loading. LOV-treated MCF-7 cells were used as a
positive control.

We previously reported that the activity of the mevalonate pathway in BO2 cells was lonedompar
with that of MCF-7 breast cancer ctlisAs illustrated in Fig. 1, lovastatin (an inhibitor of HMG-CoA
reductase, a mevalonate pathway enzyme upstream of FPP synthase) substantiaky inoprany
lated RaplA protein levels in MCF-7 cells. In sharp contrast, unprenylated Rap1A was undetectable in
lovastatin-treated B0O2 cells. Nevertheless, the combined treatment of BO2 cells witHZ @id induce
intracellular accumulation of unprenylated RaplA in these tumor cells, further demonstratingStha
maximized the antitumor e ect of ZOL in BO2 breast cancer eldro.

‘Mg ce—Foec—> L fe—ce—"—¢ —Z-"fe 49 ESt oottt BT . . SFec...fZ
™MS<ZF 7 c<tcoe%o f..."'— e Measuremgfits-pgrorimed with an hydrophone demonstrated
that wideband emission, which is considered to be a signature for ca%ftatiar not detected in eul
tured BO2 cells treated for 30 min with US (Fig. S4A), indicating that cavitation was not involved during
sonication experiments. By contrast, a 30-min treatment of BO2 cells with US induced mild hyperthermia
(Fig. S4B). US-induced hyperthermia did not however a ect BO2 tumor growth at 24-h post-treatment,
when used alone or in combination with ZOL (Fig. S5). Similar results were obtained with human
MCF-7 or T47D breast cancer cells (Fig. S5).

As opposed to what was observed with ZQIS treatment (Fig. S1A), a 1-h treatment of BO2 cells
with ZOL under hyperthermic culture conditions (42 °C) created with warm water did not induce intra
cellular accumulation of IPP (Fig. S1B and S1C). Similarly, RaplA was barely detectable under thes
experimental conditions (Fig. S1C). us, these results indicated that US not only induced hyperthermia
but also mechanical stress, leading to drug uptake by tumor cells.

We next examined whether US generated similar bioe ects (hyperthermia and/or caviratrg
e experimental device used to treat mice with US is depicted in Fig. S2C, the ultrasounds probe being
focused on hind limbs of animals. US treatment of mice induced a mild hyperthermighindHanbs,
whereas the temperature in the abdominal cavity remained unchanged (Fig. S4D). Examination of main
organs (kidneys, liver, spleen, lungs, ovaries), at autopsy and then histologically, revealed that US treat
ment did not cause any damage (data not shown). Additionally, US treatment did not induce acoustic
cavitation in animals (Fig. S4E).

‘™Mapce—Foeec—> —Z-"fe'—ef TeSfetjiffe. —ST I T2 9f—%- ‘-
Yo" Feecte T Fe—f ZcoeSET ["Ffe— ... fle.dWe used & mausefmedgleof human B02
breast cancer bone metastasis in which animals display radiographic evidence of osteolytic lesions ir
hind limbs 18 days a er tumor cell inoculati®¥* We compared the e ects of a single administration
of ZOL (100 g/kg body weight), alone or in combination with US (applied single or daily), on the pro
gression of established bone metastases by using a protocol in which treatment (ZOL and/or US) was
administered to tumor-bearing mice on day 18 a er tumor cell inoculation. e dosing regimen of ZOL
used in the present study was equivalent to the 4-mg clinical intravenous dose given to breast cance
patients with bone metastases.

Radiographic analysis on day 32 a er tumor cell injection revealed that tumor-bearing mice treated
with a single dose of ZOL had osteolytic lesions that were B5%®.01) smaller than those of
tumor-bearing mice treated with the vehicle (Fig. 2a and Table 1). Compared with vehicle, a daily US
treatment of tumor-bearing animals did not inhibit bone destruction (Table 1). Similarly, the@ing
mice treated with a single injection of ZOL immediately followed by single btgémt had osteolytic
lesions that were the same size as those of mice treated with ZOL only (Table 1). In sharp contrast, w
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Figure 2. E ects of zoledronate (ZOL), alone or in combination with low-intensity continuous

ultrasound (US), on the progression of established breast cancer bone metasi{@d®adiographic

analysis of hind limbs from B02 tumor-bearing mice treated with the vehicle, ZOL or the combination of
ZOL with US. Arrows indicate osteolytic lesiony. Goldner’s trichrome staining of tissue sections of tibial
metaphysis from metastatic legs. Bone is stained green whereas bone marrow and tumdenskls gees
stained brown.d) upper paneldartrate-resistant acid phosphatase (TRAP) staining of bone tissue sections
of metastatic legs from mice, showing osteoclast resorption surfaces (aBuitesh graphOsteoclast
resorption surface was calculated as the ratio of TRAP-positive trabecular bone surface tb the tota
trabecular bone surface at the tumor-bone interface. All images were obtained from di erent mice on day
32 aer tumor cell inoculation. e images shown are examples that best illustrate the e ects of therdi er
treatments on bone metastasis formation.
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Nber of P, compared with P, compared
Dosing regimens mice mm?/mouse vehicle with ZOL
Vehicle 10 6.5 0.8 —
C-US (daily) 13 74 1.3 0.60
ZOoL 11 3.0 04 0.001 —
ZOL C-US (single) 6 3.9 09 0.03 0.30
ZOL C-US (daily) 14 13 0.2 0.0001 0.001

Table 1. E ect of di erent dosing regimens of zoledronic acid, alone or in combination with low-
intensity continuous ultrasound, on the progression of established breast cancer bone metastases, as
judged by radiography. "Data are mean valuesSD from two separate experiments. All measurements
were made 32 days a er tumor cell injectiBhvalues are for pairwise comparisons with the vehicle-treated
control group or the ZOL-treated group using the nonparametric WilcoxonZ€&4t. zoledronic acid;

C-US low-intensity continuous ultrasound; —not applicable (referent).

Bone volume P, vs P, vs | Tumor burden P,vs P,vs
Dosing regimens Nber of mice (BVITV, %) vehicle | ZOL (TBISTV, %) vehicle ZOL
Naive 4 30 1 0
Vehicle 6 20 3 — 62 8 —
C-US, daily 5 19 2 0.65 58 6 0.35
ZO0L 6 28 4 0.04 — 46 11 0.05 —
ZOL C-US, single 4 28 3 0.03 0.93 32 12 0.05 0.26
ZOL C-US, daily 10 29 3 0.01 0.43 11 6 0.01 0.01

Table 2. E ect of di erent dosing regimens of zoledronic acid, alone or in combination with low-
intensity continuous ultrasound, on the progression of established breast cancer bone metastases, as
judged by bone histomorphometry "Data are mean valuesSD from one representative experiment out
of two.n is the number of mice. All measurements were made 32 days a er tumor cell injeatadnes

are for pairwise comparisons with the vehicle-treated control group or the ZQéetrgeup using the
nonparametric Wilcoxon teshaive histomorphometric values of hind limb from a naive mouse that did
not receive any tumor cells or treatment is shown for compar®0h. zoledronic acidC-US low-
intensity continuous ultrasoundV/TV  bone volume-to-tissue volume ratitB/STV tumor burden-to-
so tissue volume ratio; — not applicable (referent).

found that tumor-bearing mice treated with a single injection of ZOL and receiving a dailyemnéatm
with US had osteolytic lesions that were 8% 0.001) and 58%P( 0.01) smaller than those of
vehicle-treated and ZOL-treated animals, respectively (Table 1 and Fig. 2a).

Histomorphometric analysis of hind limbs with metastases showed that mice treated witradOL h
a statistically signi cant higher BV/TV ratio (bone volume/tissue volume; indicating preventiomef bo
loss) than vehicle-treated mice (Fig. 2b and Table 2). is dierence was accompanied with a sharp
reduction of the tartrate-resistant acid phosphatase (TRAP) staining of bone tissue secti@ts of m
astatic legs from ZOL-treated mice (indicating a reduction of active-osteoclast resorption surfaces at
the tumor-bone interface) (Fig. 2c). By contrast, the BV/TV ratio and TRAP staining of hind limbs
from animals treated with a daily application of US were similar to those observed with veaietk-tre
animals (Table 2 and Fig. 2c). e use of US (single or daily application) in combination with ZOL
did not further improve the BV/TV ratio, compared with the ZOL-treated group (Table 2).a8im#a
daily application of US in combination with ZOL did not statistically signi canilytier reduce TRAP
staining, compared with that observed with ZOL alone (Fig. 2c). Importantly, the combéatahent
of ZOL US decreased the TB/STV ratio (a measure of the skeletal tumor burden) by 7691,
compared with vehicle or US alone (Fig. 2b and Table 2). Additionally, a treatment withUBDWwas
statistically signi cantly more e ective than a treatment with ZOL aldhe (.01) at decreasing skeletal
tumor burden (Fig. 2b and Table 2). us, in addition to its therapeutic activity in preserving bone tissue,
our histomorphometric data showed that ZOL had anticancer bene ts in the treatment of expatiment
bone metastasis, when used in combination with US.

‘Z:t"'"‘of_:t Ce ___‘o"(of_(‘: VTM (_S_'Zf‘im:e(f_:tQO(a.g(T(Zo ——.‘”&f.l
foYoc WoFoetece fof ——eo'" 3727 "7 F " fo— T8fH"<. 5" et of-—
To determine how ZOL US could decrease skeletal tumor burden, we measured the extent of vascular
ization and tumor cell proliferation in hind limbs with metastases from mice treated with ZOL, alone
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or in combination with US. Immunohistochemical analysis of bone metastabeananti-CD31 anti

body that speci cally recognizes murine endothelial cells showed that a single treatment with&OL o
daily treatment with US did not inhibit tumor-associated angiogenesis, compared with vehicBa)Fig
Similarly, ZOL or US treatment of metastatic animals did not a ect tumor cell proliferation, as judged
by Ki67 nuclear antigen staining of metastatic hind limbs (Fig. 3b). By contrast, ZOL in combination
with US statistically signi cantly decreased both the vascularizatiotuamat cell proliferation by 70%,
compared with ZOL alone (Fig. 3a,b).

To further demonstrate that US treatment was triggering the antitumor activity of ZOL, we meas
ured unprenylated RaplA levels in bone marrow protein extracts from metastatic hind limbs of animals
treated with the vehicle or ZOL (alone or in combination with US). As shown by Westting
(Fig. 3c), only ZOL US induced accumulation of unprenylated RaplA in metastatic bone marrow. is
accumulation of the unprenylated form of RaplA was therefore indicative of the celluke apzOL
and subsequent inhibition of FPP synthase activity.

‘Mgaco—toec—y —7Z—"fo'—ot e ool SS e fhfleet " e et ecoef”
To understand how US could trigger ZOL antitumor e ects, we measured the bioidrigphosphe

nates by uorescence microscopy in tibias from animals treated with uorescently labeledrégedr
(FAM-RIS), alone or in combination with US. As shown in Fig. 4, there was a 55% decrease of the uo
rescence intensity in tibias from animals treated with FAM-RUS P 0.04), compared with animals
treated with FAM-RIS alone. us, US promoted the release of bisphosphonates from bone Iminera
thereby explaining why there was an accumulation of unprenylated RaplA in the bone marrow from
metastatic animals treated with ZOUS (Fig. 4).

‘™M co—teec—> —7Z-"fe'—ot et e -S4 fe-eeiZidmef—F <
efZe Ff"¢o% e—,...——[fe1'—-¢e€isfevidencethat’prémary breast tumors recruit
bone marrow-derived endothelial cell progenitors that then di erentiate intmraa@ndothelial cells and
contribute to the vascularization of these tumbré/e therefore reasoned that, by promoting the release
of bisphosphonates from bone mineral, US might assist ZOL in interfering with the vascularifzation o
breast tumors. To address this question, immunode cient mice bearing subcutaneous B02 breast tumor
xenogra s were treated with a single dose of ZOL (g body weight), alone or in combination with
US (daily). Alternatively, tumor-bearing mice received a daily application of US only. On theelsbiv
treatment (D8), ZOL or US alone did not inhibit BO2 tumor growth (Fig. 5a). By contrast, a 42% reduc
tion of the volume of BO2 tumors (P0.002) was observed in ZOUS treated mice, compared with
vehicle-treated animals (Fig. 5a). In addition, compared with ZOL-treated animals, the weight of tumors
from animals treated with ZOLUS was reduced by 34% at D8 (Fig. S7). e smaller size and weight of
tumors from ZOL US-treated animals was associated with decreased tumor-associated angiogenesis, a
judged by CD31 immunostaining (Fig. 5k). situ immunodetection of the proliferation marker Ki-67
nuclear antigen in tumors from mice treated with ZQUS showed also a substantial reduction in pro
liferative index, compared with tumors from vehicle-treated mice (Fig. 5c).

On the second week of treatment (D15), the outgrowth of subcutaneous tumor xenogra s itJB0L
treated animals was still statistically signi cantly lower compared with that of vetdated animals
(Fig. 5a). ere was also a signi cant reduction of tumor-associated angiogenesis (Fig. 5b). However,
this combined treatment did not anymore inhibit the proliferative index of BO2 subcutaneoasstum
(Fig. 5c¢). In addition, tumor weights between experimental groups did not anymore di er at D15 (Fig.
S4). us, the antitumor e ect of ZOL that was observed a er a one-week treatment of animals with
ZOL US did not persist a er two weeks of treatment. Given that a single dose of ZOL was administered
to tumor-bearing animals, our results suggested that circulating levels of ZOL liberated fimiho
eral gradually decreased over time, ZOL concentrations being too low at D15 to be e ective on tumor
growth inhibition. Importantly, this contention was supported by the observation that Z€5 induced
accumulation of unprenylated Rapl1A in tumor extracts at D8, contrary to D15 (Fig. 5d).

Discussion

Our results show that a single clinically relevant dose of ZOL produced meaningful antitumor e ects
in animal models of primary breast tumor and secondary bone metastasis, only when d¢amuag-b

mice were co-treated with ultrasound (US). In agreement with previous ridingéce with estab

lished bone metastases that were treated with a single clinical dose of ZOL had less bone destructio
and less skeletal tumor burden, than vehicle-treated animals. is reduced skeletal tumor burden was
likely due to the antiresorptive activity of ZOL. Indeed, the skeleton is a rich source of gréevth fac
including transforming growth factor-beta (TGH-and insulin-like growth factor (IGF) that are released
during bone resorptioh By inhibiting bone resorption, bisphosphonates deprive tumor cells of these
bone-derived factors that are required for tumor grawW?32* However, if bisphosphonate treatment
decreased skeletal tumor burden solely by reducing bone loss, we would not have expecteddhe treatm
combining ZOL and US to have inhibited skeletal tumor burden more than what we observed with ZOL
alone. us, additional inhibitory mechanisms have happened when using a combinatinegat with

ZOL and US. In this respect, accumulation of unprenylated RaplA was detected in skeletal tomors fro
animals treated with ZOL and US. is accumulation was indicative of the cellular uptake of ZOL and
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Figure 3. E ects of zoledronate (ZOL), alone or in combination with low-intensity continuous

ultrasound (US), on B02 skeletal tumor burderfa) Quanti cation of CD31-positive blood vessels within
skeletal tumorsRight-hand panelsmmunostaining of CD31-positive blood vessels (arrows) within skeletal
tumors from animals treated with ZOL or ZOLdaily US. If) Quanti cation of tumor-cell proliferation, as
judged by the percentage of Ki-67—positive nuBlgiht-hand panel¥i-67 nuclear antigen immunostaining
within skeletal tumors from animals treated with ZOL or ZOHaily US. Proliferative cells are stained
brown. €) Immunodetection of unprenylated and total Rap1A in protein extracts from skeletal tumors

of animals treated with the vehicle, ZOL or ZQUS. Cropped gels are presented. Full-length blots are
presented in Supplementary Figure 6. Tubulin was used as a control for equal protein loading. All data were
obtained from di erent mice on day 32 a er tumor cell inoculation. e images shown are examples that
best illustrate the e ects of the di erent treatments on bone metastasis formation.
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Figure 4. E ects of continuous ultrasound on the binding of uorescent bisphosphonate FAM-RIS to
bonein vivo. FAM-RIS (BP) was injected into the tail vein of mice (0.35mg/kg). Mice were then treated
or not treated with low intensity continuous ultrasound (C-US) for 2 weakfdpresentative images

of Goldner trichrome stained tibial tissue sections and corresponding bone tissoessexamined

by uorescence using episcopic light) Quanti cation of the binding of FAM-RIS. Both intensity of
uorescence and bisphosphonate-binding area were quanti ed. All results are presentedai® thetween
uorescence or bisphosphonate binding area and the bone volitengraph Intensity of uorescent
bisphosphonate over bone volume ratio (IDV/BRjght graphFluorescent bisphosphonate binding-area
over bone volume ratio (BPf/BV).

subsequent inhibition of FPP synthase activity, demonstrating that US prog®tedenetration within
tumors. In addition our results about pure hyperthermia experiments are also @megrewith the fact
that hyperthermia increases cell membrane permeability and therefore drugtiptdkeportantly, IPP
accumulation and Western Blot analysis demonstrated that US inducing both mechanical andl therma
e ects were more e cient to promote ZOL penetration into tumor cells than hypertherioireaUS
create heat and mechanical stress, including radiation force e ects, acoustic streaming, stareding wa
and Lamb wavé For example, Lamb waves propagate along the surface of solid materials such as bone
surface®. As demonstrated here using uorescent risedronate, it is therefore likely that some of these
mechanical stresses generated by US mechanically forced the releaséamna®é bone surface, ena
bling a continuous impregnation of the bone marrow with low iterativehloisphonate concentrations,
which in turn impeded skeletal tumor outgrowth. is contention was supported by the subsligntia
decreased tumor-associated angiogenesis and tumor cell prolifaragdn when ZOL US treatment
was applied.

ere is evidence that primary breast tumors recruit bone marrow-derived endothelial cell pro
genitors that then di erentiate into mature endothelial cells and contribute to the wegetibn of
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Figure 5. E ects of zoledronate (ZOL), alone or in combination with low-intensity continuous

ultrasound (US), on the growth of established subcutaneous breast tum@psB02 breast cancer cells
were implanted subcutaneously into immunode cient mice. A er subcutaneous tumors teach@ume

of 30 mnd, mice were treated with the vehicle, ZOL, US or ZOB (day 1). Tumor progression was
monitored from day 1 (D1) to day 15 (D15), following measurement of the tumor volume with a Vernier
caliper. b) Quanti cation of CD31-positive blood vessels within subcutaneous tumors at D8 and D15.
Upper panelsmmunostaining of CD31-positive blood vessels within tumors from animals treated with
ZOL or ZOL daily US. @ Quanti cation of Ki-67—positive tumor cells within subcutaneous tumors at D8
and D15.Upper panelXi-67 nuclear antigen immunostaining within subcutaneous tumors from animals
treated with ZOL or ZOL daily US. d) Immunodetection of unprenylated RaplA in protein extracts
from subcutaneous tumors at D8 and D15. Cropped gels are presented. Full-length blots desl presen
Supplementary Figure 8. Tubulin was used as a control for equal protein loadiRg. *03*and .002,
respectively.

{aw|y{z a4 wvawvy~ «"f'w|y{z



these tumor¥. Bisphosphonates exhibit anti-angiogenic propeitiegtro andin vivo, and they reduce
tumor-associated angiogenesis in animal models of canwlertherefore reasoned that, by promoting

the release of bisphosphonates from bone mineral, US might assist ZOL in interfering with the vascu
larization of breast tumors. To address this question, we conducted experiments in mice bearing breas
tumors outside bonei.& subcutaneous tumor xenogra s) that were treated with the vehicle or ZOL,
alone or in combination with US. We found that US in combination with a single clinical dose of ZOL
inhibited subcutaneous tumor growth, compared with ZOL alone or the vehicle. Additicahor

growth reduction coincided with decreased tumor-associated angiogenesis and decreasezkltumo
proliferation. Importantly, there was also an increased accumulation of unprenylg#d Rasubcuta

neous tumors, demonstrating that there was an uptake of ZOL within these tumors. e bone marrow
is a reservoir for CD11b myelomonocytic ceflsBone marrow-derived CD11bmyelomonocytic cells

in Itrate distant tumors and contribute to their vascularization by producing matrix nogtaitease-9,

which in turn, promotes the release of VEGF from the extracellular #atrinas been previously shown

that treatment of animals with high cumulative doses of ZOL (0.1 mg/kg, daily for 4 weeks) inhibits the
in ltration of CD11b  myelomonocytic cells within mouse mammary tumdmBy inducing the release

of ZOL from the bone matrix with US, it is likely that a single dose of this bisphosphonate (0.1 mg/
kg) also inhibited the in Itration of proangiogenic CD11lbmyelomonocytic cells within human breast
tumors. As discussed above, ZOL might also interfere with the recruitment of bone marna-deri
endothelial progenitors to distant tumors. e net result was that ZOL exhibited a systemic antitumor
e ect when combined with US by reducing tumor-associated angiogenesis. However, this antitumo
e ect of ZOL disappeared over time, suggesting that bisphosphonate concentratiassddétem bone
mineral (upon US treatment) gradually decreased, and became too low to be e ective on inHibition o
tumor growth outside bone.

Our results do, to some extent, echo the ndings observed in the clinical use of bisphosphonates as
adjuvant therapy in breast cancer. Large phase-lll clinical trials have shown that adding ZOL-to endo
crine therapy or chemotherapy improves disease-free survival of patients with endocrine-vesgamsi
breast cancer in a low estrogen environmest, (following ovarian suppression therapy or in women
with established menopause at diagnésisdr example, the landmark Austrian Breast and Colorectal
Study Group (ABCSG)-12 trial showed that the addition of ZOL to hormone therapy for 3 years reduced
the risk of disease progression by 36% in premenopausal women with endocrine-responsive stage | or |
breast cancer, who were also receiving goserelin to induce arti cial merfopatesestingly, women in
the ABCSG-12 trial who received ZOL maintained improvements in relapse-free survival at 84 months’
follow-up and there was also a signi cant reduction in the risk of death, while their treatment lasted
more than 3 years afjois “carryover” e ect of ZOL in the ABCSG-12 trial may be explained by the
pharmacological properties of bisphosphonates. It is sustained by our own experimentabdatstire
that the release of ZOL from the skeleton (either naturally or US-induced) enables continuous impregna
tion of the bone marrow with low iterative bisphosphonate doses that may impede the mei€ntacer
cells in the bone marrow and/or interfere with the tumor-growth supportive functionsra-terived
factors and bone marrow-derived myelomonocytic cells and endothelial cell progenitortsorisdig)
our present ndings suggest that US may be an e ective strategy to enhance bisphosphonat@penetrat
through tumor tissue. ZOL treatment concurrent with neo-adjuvant chemotherapy has beeedepo
to improve pathologic complete response in patients with breast cancer, compared withhehemo
apy alon&. US-induced regional hyperthermia has been shown to increase the bene t of neo-adjuvant
chemotherapy in patients with localized so -tissue sarcéniizis conceivable that an appropriate focus
ing of the US beam to breast tumors in patients receiving neoadjuvant chemotherapy andw®L w
enhance pathologic complete response rate. In the current study the obsentembmes in part from
mechanical stress on bone cells, potentially surface waves that propagate along thefdmeneisur
hypothesis also makes the results of the cell culture experiments relevanhesioekstare seeded on
a rigid petri dish surface, similarly to the way cells are located within the bone. However, the depth of
penetration of the surface wave is on the order of the Lamb wavelength in the bone, which, in case o
the mouse bone, can cover the entire bone thickness. In a human bone ultrasound will @ropatat
super cially through cortical borfe erefore, adjustments of the ultrasound transducer geometry and
treatment parameters will be performed in order to reach the trabeootar and the bone marrow in
a human bone.

In conclusion, our results demonstrate the potential of low intensity ultrasound as an e &etive s
egy to force bisphosphonate desorption from bone and its penetration through turner, gssbling
bisphosphonate antitumor activity (both in bone and outside bone). Our ndings made US a promising
modality in oncology to trigger anticancer therapy with bisphosphonates.

foErfZe fof 3-8 fe V

<o’S*e’Stef—-ta ..17Z27Z ..—7Z-—2Zdledrprate [flehyeifoxys2(1H-imidazole-1-yl)
ethylidene-bisphosphonic acid], as disodium salt, was provided by Novartis Pharma AG (Basle,
Switzerland). Carboxy uorescein-risedronate (FAM-RIS) was provided by Dr Hal Ebetino (Procter &
Gamble Pharmaceuticals, Inc., Mason, OH, USA). Zoledronate and FAM-RIS were dissolved in PBS
(pH 7.4, Invitrogen).
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Human breast cancer cell lines MCF-7 and T47-D were obtained from the ATCC (American Type
Culture Collection) and used within 6 months. Human B02 breast cancer cells, a subpopéidten o
MDA-MB-231 cell line, were prepared as described previtusey MDA-MB-231 and BO02 cell lines
were authenticated using short tandem repeat analysis. B02 and T47-D cells were cultured in Dulbecco’
Modi ed Eagle’s Medium (Invitrogen) supplemented with 10% (v/v) fetal bovine seruritrglyen)
and 1% (v/v) penicillin/streptomycin (Invitrogen). MCF-7 cells were cultured in EMEM medium (LGS
Standards for ATCC) supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin/streptomycin
and 10 g/mL insulin (Sigma-Aldrich). All cell lines were maintained at 37 °C in a 5% CO2 humidi ed
incubator.

Four-week-old female BALB/c athymic (nu/nu) mice were purchased from Janvier (St Berthevin,
France). Animals were maintained in a 12-h light-dark cycle and given free accesbs dodomater.

All procedures involving animals, including the method by which they were culled and experimental
protocols were conducted in accordance with a code of practice established by the ethical committee o
the University of Lyon.

Z-"fe'—e7T 1 iSonicatioh was generated with a at, piezocomposite air-backed transducer of
40 mm in diameter and with a resonance frequency of 2.9 MHz (Imasonic, Voray-sur-'Ognon, France).
e transducer was inserted into a sterile polyurethane cover (CIV-Flex Transducer cover, CIVCO,
Kalona, 1A) that was lled with degassed water. is cover attenuated theadtrad pressure by about
2%, when using a frequency of 2.9 MHz. A peristaltic Master ex pump (L/S model 7518-60, Cole-Parmer
Instruments Co., Chicago, IL) was used to maintain a continuous ow (0.3 I/min) of theseégeater at
20°C, enabling the cooling of the transducer duiiingivo experiments. e transducer-driving equip
ment was composed of a power ampli er (Kalmus model 150 CF, Engineering International, Woodinville,
WA) driven by an HP 8116A wave generator (Hewlett Packard GmbH, Boblinger, Germany). A NAP
wattmeter/re ectometer (Rohde & Schwarz, Munich, Germany) tted with its NAP-Z7 probe (Rohde &
Schwarz, Munich, Germany) was used to measure forward and reverse elemtréral @ wattmeter
and the wave generator were connected to a laptop using a GPIB connection.

Tfe—"Fefe— 7 S5t —St ecf cot— . ff.>-ZsMpce_teZsdnfcatione T a
was delivered in a continuous mode. e duration of each sonication was 30 minutescidagtd in
tissues by ultrasound is directly linked to the acoustic energy, heat di usion in tissues and F&rfusion
Adequate acoustic parameters are a trade-o between temperature increase due to the absorption o
acoustic energy and temperature decrease due to perfusion and heat di usion. erefore, an acoustic
power of 12.8 watts was rstly delivered for 7 minutes in order to slightly increase the temperature at the
bone-tissue interface up to 43 °C. en the acoustic power is modulated as a function of time (10.2 W for
2 minutes, 8.2 W for 4 minutes, 8.6 W for 2 minutes and 30 seconds and 8.2 W for the remaining 14 min
utes and 30 seconds) to maintain hyperthermia (Fig S2A and S2D). ese settings were determined from
previous numerical simulations using an in-house so Waitas well ai vitro andin vivo experiments
described below. e acoustic-power output and the maximal pressure amplitude as a function of the
applied radiofrequency power were measured as described prelfidustier these experimental con
ditions, the maximal peak negative-pressure amplitude calibrated in water was 0.29 MPa. ese settings
were de ned to avoid cavitation while creating hyperthermia and direct mechanical forces.

Previous to therapeutic experiments, these exposure conditions wereiriegtain three mice to
demonstrate that creating and maintaining mild HT in hind limbs will be feasible in real conditions
without creating any complications or secondary lesions. For this purpose, mice were premggisly a
thetized with iso urane gas (4%) and maintained in that condition for the length experiment (iso urane
1%, oxygen 100 mL/min). Two thin thermocouples (0.33 mm in diameter, MT-29, Physitemp, NJ, USA)
were used. One was placed in hind limbs at the bone tissue interface and the other one in the abdoming
cavity to check temperature increase produced with these parameters. is study was perferpad a
of di erent experiments for other purposes. Animal experiments were performed under an approved
research protocol. ese experiments conformed to the requirements of the local o ce of animal exper
imentation were in accordance with the legal conditions of the French National Cgiomos Animal
(N314, BH2012-06, BH2010-45).

In so tissues, the force is applied in the direction of wave propagation and the magnitude of the
force can be approximated by:

Wamcrbed 21
Cc C

where F [dyn/(1000 cri)or kg/($cm?)] is the acoustic radiation forc®Y,psomeq[VWW/(100 cm§] is the

power absorbed by the medium at a given spatial location, ¢ (m/s) is the speed of sound in the medium
(Np/m) is the absorption coe cient of the medium and | (W/&nis the temporal average intensity at

a given spatial location. e spatial distribution of the radiation force eld is, thus, determinedtty b

the transmitted acoustic parameters and the tissue properties.
For the sonication of cultured tumor cells, Petri dishes were placed on an ultrasoutdr{RoV

143, Rhone Poulenc, Milano, Italy) that was previously coated with ultrasound coupliogog®lent

F
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re ection of ultrasound. e transducer and thermocouple were then dipped directly into the ckll cu
ture medium. Temperature of each thermocouple was registered every minute. Cavitation wasdmeasur
using an hydrophone (ONDA HNR-1000, Sunnyvale, CA) placed near the ultrasound transducer point
ing towards the exposed medium.

For in vivo experiments, the transducer was positioned directly into contact with mice a er applying
acoustic gel (AblasoEDAP, Vaux-en-Velin, France) to avoid air between the transducer and the skin.
Anesthetized mice were placed in dorsal decubitus position on an ultrasound absorber. For Ryperther
mia measurement, thermocouples were implanted in the abdominal cavity and the hind limb muscles of
mice. Temperature of each thermocouple was registered every thirty seconds. Cavitation wasl measur
using the same methodology as aforementioned.

f—t..—c'e T2 _t"fe fe— «e’Ste’Stefag "cotet’Seft ZRive-niek-old
mice were injected intravenously with 0.35 mg/kg FAM-RIS or 0.1 ml PBS (Véhidemeasurement
of uorescence background in bones, control mice received the vehicle only. Mice were then followed
until day 13 or treated with US everyday, during 13 days. Mice were culled and hind limbs were collected
and xed in 70% ethanol, then embedded in methylmethacrylate. Undecalci ed sections of long bones of
7- m-thick were cut using a heavy duty microtome (Leica SM2500, Germany) equped with tungsten
carbide knife and stained with Goldner’s trichrome. Images were taken with episcopic uoeckgen
using Zeiss Axio Imager (lena, Germany) equipped with Filter Set 09 (excitation BP 450-490, heamsplit
ter FT 510, emission LP 515). Intensity of uorescence and the area of uorescent bisphosphonate were
chosen as two parameters to assess bisphosphonate release related to ultrdswnit arehmeasured
by ImageJ so ware. Bone volume was also measured using ImageJ so ware. Results agd psesent
a ratio of intensity on bone volume and bisphosphonate volume on bone volume. Experiments were
carried out in accordance with the approved guidelines and approved by the ethical committee of the
University of Lyon (n°DR2014-12).

Z="fe'—et TE < fot offe— eto—otSH>tH S T WMo —Feoc—> ..
— Z-" f «* -Sornifcation was generated with a at piezocomposite air-backed transducer of 40 mm in
diameter and with a resonance frequency of 2.9 MHz (Imasonic, Voray-sur-'Ognon, France). Sonication
was delivered in a continuous mode. e duration of each sonication was 30 minutes. e acoustic-power
output and the maximal pressure amplitude as a function of the applied radiofrequency power were
measured as described previotisly See Supplementary Materials and Methods for further details
regarding then-vitro and in-vivo experimental conditions for sonication and measurement of hyper
thermia induced by low-intensity continuous ultrasound.

‘et o't FZ T JVEfe— . fe.. 1" ' etbonk mptestfisis efperiments in mice were
conducted as prewously descrlbed usmg BOZ breast canc&rtdtishis model, mice usually develop
bone metastases 18 days aer tumor cell injection, as judged by radiography. OsteolyScweston
identi ed on radiographs as demarcated radiolucent lesions in the bone. e area of osteolytic lesions
was measured and the extent of bone destruction per mouse was expressed in square millimeters. Mic
were analyzed by radiography on day 18, and tumor-bearing animals were distributed among the dif
ferent treatment groups (n 5-9 mice per group) Anesthetized mice were euthanized by cervical dis
location a er radiography on day 32. Experiments were carried out in accordance with the approved
guidelines and approved by the ethical committee of the University of Lyon (n BH2010-45).

e e TEZ T e— ——feF = JFfe- Subeutahebus wivhot xBhedfad exper
iments in mice were conducted using BO2 breast cancer cells as previously déstvitea BO2 tum

ors had reached a volume of 30 fmice were randomly assigned to the dierent treatment groups

(n  7-8 mice/group). Tumor size was calculated by external measurement of the wjdthdrength

(m,) of subcutaneous tumors using a Vernier caliper. Tumor volume (TV) was calculated using the
equation TV (m? my)/2. Experiments were carried out in accordance with the approved guidelines

and approved by the ethical committee of the University of Lyon (n°BH2012-06).

"iPf—ete— "=t ‘Z- T oe‘ZiT"‘-f—ij—véiéoefZ’r Sfet Z'™Mgee—Foec
PR— <o . —Z——"FFT ——e'" 1%L < f.IRED; MGF-Teagntl fB02e breast
cancer cells were seeded in 10-cm Petri dishes atfcells/dish overnight at 37 °C in a 5% Q@ u-
bator. Cells were treated with 284 ZOL for 1h, then incubated without drug for 23 hours. Alternatively,
cells in culture received a continuous treatment with ZOL for 24 hours. For ultrasound experiments,
tumor cells previously treated with ZOL or le untreated were sonicated at room tempemt8@ f
minutes. US-treated cells were then incubated at 37 °C for the rest of the experiment. For hyperther
mia experiments, MDA-MB-231/B02 cells were seeded into asks at 1 million cells/ ask. Flasks were
immersed during 30 minutes into a warm bath (43 °C) and then incubated for the rest of the experiment.
Hyperthermia was generated omtyvitro. It would have been di cult to induce pure hyperthermia only
for small and deep areas in bone with a non-invasive technique that could have been properly comparec
with ultrasound conditions.
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Animals that had developed bone metastases were treated with a single dose of Z@utéayesub
ous injection in 100L PBS (vehicle) on day 18 aer tumor cell inoculation. ZOL treatment was also
administered to animals bearing subcutaneous tumors when these tumors reached a volume3of 30 mm
Based on an average body weight of 20 g for 4-week-old mice, ZOL was administered to tumor-bearing
mice at a dosage of 10§/kg, which was calculated equivalent to the 4-mg clinicafddskitionally,
tumor-bearing mice that were treated with ZOL or the vehicle received a single or a daily 30-min treat
ment with US. Control tumor-bearing mice received a treatment with vehicle only. All of the mice were
sacri ced 2 weeks a er the beginning of the treatment.

T—f...—<'e 7 e fe—_Fes7 57 S*eBBphedphonate-tinduced IPP production was
measured in human breast cancer cells, as previously de&erib@dl is an inhibitor of farnesyl pyro
sphosphate synthase (FPPS) in the signaling mevalonate pathway. FPPS inhibition leads to the accumt
lation of IPP. Bisphosphonate-induced IPP production was measured in MCF-7 brezest aglls, as
previously describé8l IPP is thus a surrogate marker for ZOL penetration and action on the megalona
pathway?®. Following bisphosphonate treatment, alone or in combination with ultrasound, turier ce
were harvested by scraping, washed in PBS and extracted using ice-cold acetonitiiled3@Qavater
(200 L). Samples were then concentrated using a Savant Speed Vacuum concentrator and reconstitute
within 100 | of hexylalmine formate bu er containing 0.25-mM NaF and Na3VO4 (to prevent IPP
degradation) and 1M methyleneadenosine Friphosphate (AppCp), as internal standard. IPP in cell
extracts was then quanti ed by high-performance liquid chromatography negative ion electrospray ion
ization mass spectrometry (Waters Micron(@&QTMsingle Quadrupole). IPP calibrator and AppCp
internal standard were purchased from Sigma (St. Louis, MO, USA). Quanti cation of proteins was made
using Bradford method and Bradford reagent (Sigma-Aldrich).

T—f..—c'e 0 —etes7f—%t f'w feTi<édf dderftovdeteririne the e ects
of ZOL, US and lovastatin on the intracellular accumulation of unprenylated Rap1A protein, tumor cells
in culture were lysed in 20Q RIPA bu er (Sigma-Aldrich) containing a cocktail of protease inhibitors
(AEBSF 104 mM, aprotinin 80M, bestatin 4 mM, E-64 1.4 mM, leupeptin 2 mM, pepstatin A 1.5 mM,
dilution: 1/100, Sigma). For bone metastasis, the bone marrow of metastatic hind limbs was ushed
with culture medium, bone marrow cells were then pelleted by centrifugation and cell pellets were lyse
in RIPA bu er. Subcutaneous tumors were minced with a scalpel, homogenized with a homogenizer
(Polytron PT 6100) and samples were lysed in RIPA bu er. Lysategy(pfstein/sample) from bone
metastasis and subcutaneous tumors were then electrophoresed under reducirignsoadit4-12%
SDS-polyacrylamide gels (Life Technologies) and electrophoresed proteins were then trangferred on
polyvinylidene di uoride (PVDF) membranes (Merck Millipore). Membranes were rst incubated for
1 hour with 5% (w/v) skimmed milk in TBS bu er containing 0.1% (v/v) Tween 20 to block ronspe
ci ¢ antibody binding. ese membranes were then incubated overnight at 4 °C with a goat-polyclonal
anti-Rap1A antibody (SantaCruz Biotechnology) targeting the unprenylated form of the smafleGTP
Rap1A&? or an anti-mouse anti-Rap1A monoclonal antibody (SantaCruz Biotechnology),-tubalin
mouse monoclonal antibody (Sigma) diluted, respectively, to 1/500 and 1/2,000 in TBS-0.1% (v/v) Tween
20 containing 5% (w/v) skimmed milk. A er incubation with primary antibodies, membranes were
washed then incubated with horseradish peroxide (HRP)-conjugated donkey anti-goat, (HRP)-conjugated
goat anti-mouse (SantaCruz Biotechnology, 1/2,000 dilution) and anti-mouse secondary antibodies
(Amersham; 1/2,000 dilution), and immunostaining was performed with enhanced chemiluminescence
(ECL) detection system (Perkin Elmer LAS HcAll western blots were realized using samples deriving
from a same experiment and all were performed in the same conditions.

tZ27 ~«<f,<Z<—Folfowirf>téeatment with ZOL and/or US, tumor cells were further cultured for
24 hours at 37 °C in a 5% CO02 incubator, at which time cells were harvested by trypsinization and viable
cells were counted under a microscope using the trypan blue exclusion method.

‘et Sce—"Z'% >4 Sce—‘e"'S et " foetfe -l fF B ESF—foF o—f
Bone histology, histomorphometric analysis and TRAP straining of bone tissue sectionsrioeneepl
as previously describ®#* Histomorphometric measurements (i.e., bone volume to tissue volume [BV/
TV] and tumor burden to so tissue volume [TB/STV] ratios) were performed in a standard zone of
the tibial metaphysis, situated at 0.5 mm from the growth plate, including cortical and kzatirnes.
e BV/TV ratio represents the percentage of bone tissue. e TB/STV ratio represents the percent
age of tumor tissue. ein situ detection of osteoclasts was performed on TRAP-stained longitudi
nal para n-embedded medial sections of tibial metaphysis with the use of a commercial kit (Sigma).
Osteoclast resorption surface was calculated as the ratio of TRAP-positive trabeaukarrfame to the
total trabecular bone surface at the tumor-bone interface.

ee—o'Sce—* . Steimminéhistochemistry was performed on an automated immunostainer
(Ventana Discovery XT, Roche, Meylan, France) using DABmap Kit according to the manufacturer’s
instructions. Staining was visualized with DAB solution with -8i{8minobenzidine as a chromo
genic substrate. e sections were counterstained with Gill's hematoxylinm4tissue sections were
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preincubated with 1% goat serum then incubated with a rabbit polyclonal anti-CD31 anffwbpec,
Fremont). To measure tumor-cell proliferation, tumor sections were incubated with a ralybibpal
anti—Ki-67 antibody (MIB-1, Dako, Trappes, France). Image analysis was performed by using a light
microscope (Eclipse E400, Nikon France, Champigny, France) equipped with a tri-CDD video camera
(Sony, Japan). Tumor microvessel density was quanti ed, as previously déscribenitotic index

was expressed as the percentage of Ki-67—positive nuclei. Ki67 analysis was performed usig)Histolab
so ware (Microvision Instruments, Evry, France).

—f—<e—<...fZ PM fldta weréianalyzed using GraphPad Prism (La Jolla, USAh ¥ito and
in vivodata, pairwise comparisons were carried out by performing nonparametric Mann-Whitresy U-t
and Wilcoxon test, respectively. e signi cance level was xedPat 0.05 with a power of 95%. All
statistical tests were two-sided.
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