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SUMMARY
The fate of disseminated tumor cells is largely determined by microenvironment (ME) niche. The osteogenic
niche promotes cancer cell proliferation and bone metastasis progression. We investigated the underlying
mechanisms using pre-clinical models and analyses of clinical data.We discovered that the osteogenic niche
serves as a calcium (Ca) reservoir for cancer cells through gap junctions. Cancer cells cannot efficiently
absorb Ca from ME, but depend on osteogenic cells to increase intracellular Ca concentration. The Ca
signaling, together with previously identified mammalian target of rapamycin signaling, promotes bone
metastasis progression. Interestingly, effective inhibition of these pathways can be achieved by danusertib,
or a combination of everolimus and arsenic trioxide, which provide possibilities of eliminating bonemicrome-
tastases using clinically established drugs.
INTRODUCTION

In breast cancer (BCa), spread of tumor cells may occur before

diagnosis (Huang et al., 2013). The resultant metastatic seeds

in distant organs are left behind by surgeries, survive adjuvant

therapies, enter and then exit a presumable dormancy/latency

state, and eventually resume aggressive outgrowth (Massagué
Significance

Breast cancer bone metastasis often occurs asynchronously,
suggestingmechanisms driving therapeutic resistance and tum
Ca influx from the osteogenic niche to cancer cells is essential f
the previously identified role of mTOR signaling. We performe
pathways and identified danusertib and arsenic trioxide as po
opment. Arsenic trioxide is an FDA-approved drug for leukemia
immediate applications to eliminate latent cancer cells in the b

Can
and Obenauf, 2016). Bone is the most frequently affected organ

by BCametastasis (Kennecke et al., 2010; Smid et al., 2008), and

often the first site of metastasis, especially after long latency

(Zhang et al., 2013a).

In the clinic, bone metastases are usually diagnosed with sig-

nificant skeletal-related events (Ell and Kang, 2012; Weilbaecher

et al., 2011). At this stage, metastases are driven by a vicious
years after primary tumor resection and adjuvant therapies,
or re-growth specifically in the boneME.We discovered that
or proliferation of early-stage bonemetastasis, in addition to
d target-driven search for therapeutic agents inhibiting both
tent candidates. Danusertib is currently under clinical devel-
. The preferential efficacies of these drugs on BMMargue for
one marrow and reduce metastasis recurrences.
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Figure 1. Ca Signaling Is Enriched in Bone Metastasis Compared with Metastases in Other Organs

(A) An overview of bioinformatics analysis leading to Ca signaling. GSVA, gene set variation analysis; FDR, false discovery rate. Both p values and FDR were

computed by the statistics of microarray (SAM) algorithm. MSigDB C3 transcription factor targets (TFT) database was analyzed.

(B–D) Boxplots show the expression of an NFAT signature (B), an MEF2 signature (C), and MECP2 (D) across human BCa metastases in different organs

(GEO: GSE14020).

(E) Similar to (B–D), except that human PCa metastases (GEO: GSE77930) is examined.

(B–E) p values by one-way ANOVA.

For all boxplots: line inside the box, median value; top/bottom of the box, 75th/25th percentile; upper/lower whiskers, largest/smallest values no further than 1.53

inter-quartile range from the hinge; data points beyond whiskers, possible outliers. Same for the boxplots in other figures. See also Figure S1.
cycle between cancer cells and osteoclasts (Boyce et al., 1999;

Kang et al., 2003). Targeting osteoclasts by bisphosphonates

and denosumab, can limit metastasis progression but cannot

extend overall survival (Mackiewicz-Wysocka et al., 2012).

Several molecular pathways have been implicated in the vicious

cycle, including Notch (Sethi et al., 2011), transforming growth
824 Cancer Cell 34, 823–839, November 12, 2018
factor b (Fournier et al., 2015; Waning et al., 2015), integrin

(Ross et al., 2017), and interleukin-6 (Luo et al., 2016). These dis-

coveries have significantly enriched the options of treating overt

bone metastases.

Relatively less is known about early-stage bone colonization

before the vicious cycle occurs. Disseminated tumor cells
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(DTCs) in the bone marrow are associated with poor survival of

patients, suggesting that they are precursors of late, overt me-

tastases (Wan et al., 2013). Specific microenvironment (ME)

niches have been implicated to determine DTC fate. In particular,

the peri-vascular niche regulates dormancy of DTCs (Ghajar

et al., 2013; Price et al., 2016), whereas the osteogenic niche

promotes bone micrometastases (BMM) proliferation and pro-

gression (Wang et al., 2015) and resistance to chemotherapies

(Zheng et al., 2017). However, molecular mechanisms behind

cancer-niche crosstalk are largely elusive, and need to be eluci-

dated for eradication of DTCs and BMM.

Our previous studies demonstrate that cancer cells and oste-

ogenic cells (osteoblasts [OBs] and their precursors) can form

heterotypic adherens junctions (hAJs), which in turn activate

themammalian target of rapamycin (mTOR) signaling to promote

BMM progression (Wang et al., 2015). mTOR inhibitors were

approved by the US Food and Drug Administration (FDA) to treat

endocrine-resistant estrogen receptor alpha-positive (ER+) tu-

mors (Baselga et al., 2012). The treatment significantly delayed

tumor progression, but failed to extend overall survival. We hy-

pothesize that there are additional pathways that may cooperate

with the mTOR signaling to mediate osteogenic niche’s metas-

tasis-promoting effects.

RESULTS

Transcription Factor Activities Downstream of Calcium
Signaling Are Enriched in Bone Metastases
To understand how the bone ME may affect signaling path-

ways in cancer cells, we conducted an unbiased comparison

to identify transcription factors (TFs) with differential activities

between bone and other metastases of BCa in a published da-

taset (GEO: GSE14020) (Zhang et al., 2013b). We utilized gene

set variation analysis (H€anzelmann et al., 2013) and focused on

TF target gene sets defined by binding motifs in promoter re-

gions (Subramanian et al., 2005). We identified the top 5% of
Figure 2. Experimental Models Recapitulate the Enhancement of Ca S

(A) Representative immunofluorescence (IF) staining of MeCP2 in orthotopic tum

nucleus; trans-localization is highlighted by single-channel images; Scale bars, 2

(B) Boxplots show the expression of the NFAT signature, the MEF2 signature, and

derived from MCF7 cells.

(C) IF staining of NFAT is shown in mammospheres of MCF7 cells alone or heter

bars, 25 mm.

(D) Western blot of indicated (phospho-)proteins in 3D cultures of cancer cells or O

or non-phosphor-NFAT (npNFAT) is highlighted by altering the display width/leng

(E) Similar to (C) except that MeCP2 staining is shown.

(F) Western blot shows total (TP) or S421-phosphorylated MeCP2 in MCF7 cells

loading control for cancer cells.

Samples of (C–F) were harvested after mono- or co-culture for 48 hr.

(G) A schematic illustration of BICA platform.

(H) Bioluminescence intensity (BL) in BICA of MCF7 cells expressing empty vecto

and both (DN-CaN + DN-CaMKII). n = 12 bone fragment for each group.

(I) Similar to (H) except that prostate cancer cell lines C4-2 and 22Rv1 were used

(J) Bone colonization curves of IIA-injected MCF7 cells, either expressing empty

(K) Represented BL pictures of mice in the vector and DN-CaN + DN-CaMKII (D

(L) Quantitation of ex vivo BL signals emitted from extracted hindlimb bones. Re

(M) Representative immunohistochemistry (IHC) staining of bone lesions d

Scale bars, 100 mm.

p values by one-way ANOVA (B), least significant difference (LSD) (H), Student’s t t

or SEM (J). See also Figure S2.
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TFs whose activities are enriched in bone metastases. These

include NFAT and MEF2, which are both downstream of cal-

cium (Ca) signaling (Figures 1A and S1A) (Berridge et al.,

2003; Macian, 2005; McKinsey et al., 2002). This finding was

validated by a different approach and independent NFAT

and MEF2 signatures (Di Giorgio et al., 2017; Tripathi et al.,

2014) (Figures 1B and 1C). Moreover, activation of Ca

signaling is associated with epigenomic reprogramming (Ray-

nal et al., 2016). We asked if any epigenetic modulator is differ-

entially expressed in bone metastases. MeCP2 is a nuclear

protein that binds methylated DNA and recruits other factors

such as histone deacetylases, acting as a transcriptional

repressor (Shahbazian et al., 2002). Ca signaling triggers the

CaMKII-dependent MeCP2 phosphorylation (S421), and re-

leases MeCP2 from silenced promotors in various cellular con-

texts (Buchthal et al., 2012; Li et al., 2014). Consistently, the

alteration of MECP2 expression displayed a trend opposite

to that of NFAT and MEF2—it is expressed at a lower level

in bone metastasis than in other sites (Figure 1D). Due to the

availability of high-quality antibodies, the expression level

and localization of MeCP2 may serve as an indicator of Ca

signaling in vivo.

In another dataset of BCa metastases (GEO: GSE46141),

similar differences in NFAT, MEF2, and MECP2 expression

were observed between bone and visceral metastases, although

statistical significance was not achieved due to smaller sample

size (Figure S1B). Moreover, in a cohort of 615 primary BCa

(Zhang et al., 2009), the NFAT signature appeared to be associ-

ated with bone metastasis-free survival, but not with lung or

brain metastasis-free survival (Figure S1C).

Prostate cancer (PCa) is another cancer type that frequently

metastasizes to bone. In a dataset of PCametastases in different

organs (GEO: GSE77930) (Kumar et al., 2016), we observed a

significant increase of expression of NFAT andMEF2 signatures,

and a dramatic decrease of MECP2 expression (Figure 1E) in

bone metastases compared with other sites.
ignaling in Cancer Cells Interacting with the Bone ME

ors and bone lesions. Keratin 8 (K8) marks cancer cell cytoplasm; DAPI marks

5 mm.

MECP2 in in vivo bone lesions (IVBL) (n = 8) or orthotopic tumors (Orth) (n = 7)

otypic organoids of admixed MSCs and MCF7 cells to mimic bone ME. Scale

Bs either alone or admixed. The slight shift between phosphor-NFAT (pNFAT)

th ratio of the gel shown as an additional row.

with or without MSCs in 3D co-cultures. Firefly luciferase (Fluc) was used as

r, dominant-negative CaN (DN-CaN), dominant-negative CaMKII (DN-CaMKII),

.

vector or DN-CaN + DN-CaMKII. n = 6 and 7 for the two groups, respectively.

N) groups.

presentative pictures are shown.

erived from (J). Tumor lesions were indicated by K8 (brown) staining.

ests (I and L), or repeatedmeasures ANOVA test (J). Error bars = SD (H, I, and L)
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Figure 3. Ca2+ Flows from Osteogenic Cells

to Cancer Cells

(A) A schema of MCF7-OB co-culture assay with

GCaMP indicating alteration of [Ca2+] in cancer

cells (left) and representative intensity curves of

GCaMP under the indicated four conditions (right).

(B) GCaMP intensity in MCF7 cells (alone or co-

cultured with indicated cell types) as a function of

different cell types in co-cultures and medium

[Ca2+]. Bars showGCaMP intensity inMCF7 cells in

medium with [Ca2+] = 0 mM (solid) or [Ca2+] = 2 mM

(hashed). MSC, mesenchymal stem cells.

(C) Fold change (FC) ofMCF7 cell quantity in 3D co-

cultures with indicated cell types as compared with

MCF7 alone. MCF7 cells were quantitated by BL.

Error bars = SD (n = 3 technical replicates).

(D) A scatterplot shows the correlation between

increase of [Ca2+] as indicated by changes of me-

dian GCaMP intensity (MGI) and the FC of MCF7

cells in co-cultures.

In (B)–(D): RAW, RAW264.7 cells, osteoclast pre-

cursors; dU937, differentiated U937 cells, osteo-

clasts; HMF, human mammary fibroblast cells;

3T3, NIH3T3cells, mouse embryo fibroblasts.

Pearson correlation coefficient and p values

(by Student’s t test) are shown. See also Figure S3.
In Vivo and Ex Vivo Bone Metastasis Models
Recapitulate Ca Signaling Alterations in Cancer Cells
We previously established in vivomodels based on intra-iliac ar-

tery (IIA) injection and in vitro 3D co-culture of cancer cells and

osteogenic cells (including OBs and mesenchymal stem cells

[MSCs]). These models allow us to investigate how BCa cells

interact with bone cells and initiate the colonization (Wang

et al., 2015; Yu et al., 2016).

In our in vivo model, bone lesions introduced by IIA injection

of MCF7 cells exhibited diminished immunofluorescence (IF)

MeCP2 staining as compared with orthotopic tumors estab-

lished by the same cells using mammary fat pad injection (Fig-

ure 2A). Transcriptomic profiling (GEO: GSE110451, Figure S2A)

indicated upregulation of NFAT andMEF2 transcription activities

and downregulation of MECP2 expression at RNA level in the

bone lesions compared with orthotopic tumors (Figure 2B).

Thus, IIA-based bone metastasis models recapitulate the obser-

vations in clinical datasets.

In vitro 3D co-culture of cancer cells and osteogenic cells is a

further simplified model that focuses on osteogenic cells only.

Cancer cells and osteogenic cells form heterotypic organoids af-

ter 48 hr, causing an increase of cancer cell proliferation and sur-

vival aswe showedpreviously (Wang et al., 2015). The interaction

with osteogenic cells led to an increase ofNFAT IF signal intensity

in the nucleus, indicating nuclear trans-localization of NFAT (Fig-

ure 2C, of note, NFAT antibodies did not work well on decalcified

tissues, preventing application to in vivo bone tissues). NFAT

subcellular localization is regulated by dephosphorylation

(Sharma et al., 2011), and can be reflected by a slight but obvious

gel-shift on western blot (Figure 2D). By IF, MeCP2 appeared to

follow an opposite trend upon the interaction with osteogenic

cells—its signal intensity increases in cytoplasm but decreases

in the nucleus. The overall intensity also appeared to decrease

(Figure 2E). This indicates trans-localization from the nucleus to
the cytoplasm, as well as an overall reduction at the protein level.

Western blot again confirmed this change, and, in addition, re-

vealed an increase of phosphorylation of MeCP2 at S421 (Fig-

ure 2F), a regulatory modification leading to nuclear exportation

(Buchthal et al., 2012). Because the osteogenic cell lines express

little NFAT or MeCP2 (Figures 2D, 2E, and S2B), the alterations

seen in western blots were likely to occur in cancer cells. To

further validate this point, we used murine osteogenic cells so

that gene expression in human cells can be assessed by qPCR

with human-specific primers. Both the eight-gene NFAT signa-

ture (Tripathi et al., 2014) as well as MECP2 exhibited expected

changes (Figure S2C). Thus, the major ME factor that drives the

alteration of Ca signaling in cancer cells appears to be the direct

interaction with osteogenic cells.

Inhibition of Ca Signaling Impedes Bone Colonization
Ca signaling involves transducers such as CaMKII and calci-

neurin (CaN), and TFs such as NFAT and MEF2, all of which

are encoded by multiple genes, making genetic depletion diffi-

cult. Instead, we tested pharmacological inhibitors of CaN

(FK506) and CaMKII (Kn93). Both reduced MeCP2 phosphoryla-

tion and NFAT de-phosphorylation (Figure S2D), and abolished

the tumor-promoting effects of osteogenic cells in 3D co-cul-

tures (Figure S2E).

We also employed the bone-in-culture array (BICA) to examine

the role of Ca signaling in bone colonization. Specifically, bone tis-

sues harboring IIA-introduced cancer cells are fragmented to

generate a number of ex vivo bone segments (Figure 2G). We

showed previously that cancer-bone interaction is maintained in

BICA for up to 4–6 weeks, and allows multiplex treatments

(Wang et al., 2017). As another way to overcome paralog redun-

dancy,we employed dominant-negative (DN)CaN (DH160Q) (Shi-

basaki et al., 1996) and CAMKII (T286A) (Pi et al., 2010). DN-CaN

and DN-CAMKII, alone or in combination, showed a moderate
Cancer Cell 34, 823–839, November 12, 2018 827
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effect on tumor proliferation in vitro (Figure S2F) but dramatic

decrease of growth of BCa and PCa in BICA (Figures 2H and 2I).

Finally, IIA-injected MCF7 cells expressing both DN-CaN and

DN-CAMKII, compared with control cells, exhibited remarkably

reduced bone colonization (Figures 2J–2M). The same trend

was observed on PCa cells: IIA injection of C4-2 cells generated

detectable bone lesions in four of seven mice in 6 weeks,

whereas no lesions was detected when DN-CaN and DN-

CAMKII were expressed (Figure S2G).

Osteogenic Cells Boost Ca Concentration in
Cancer Cells
We examined alterations of steady-state intracellular Ca con-

centration ([Ca2+]) of cancer cells. Classic approaches such as

patch-clamp or microfluorometry (e.g., Fura2) (Ishikawa et al.,

2011) were not applicable, as they could not distinguish different

cell types in the co-culture system. As an alternative, we trans-

duced MCF7 cells with GCaMP, a genetically encoded [Ca2+] in-

dicator (Chen et al., 2013). MCF7 cells appeared to have limited

ability to absorb Ca directly from medium, as GCaMP intensity

only increased moderately when 2 mM Ca2+ was added to me-

dium (Figure 3A). In the Ca2+-free medium, when human fetal

OBs were added, cancer cell [Ca2+] increased to a degree com-

parable with 2mMCa2+medium (Figure 3A). A dramatic increase

was observed when both OBs and 2 mM Ca2+ were combined

(Figure 3A). This observation suggested that, compared with

cancer cells, OBs are more efficient in absorbing Ca from envi-

ronment and may in turn provide Ca to cancer cells.

To ask if this property is unique to OBs, we tested other cell

types including MSCs, fibroblasts, osteoclasts, and astrocytes

(Figures 3B and S3). These cells conferred variable degrees of

growth advantages, but only MSCs appear to have a similar,

Ca2+-related effect, highlighting that the ‘‘Ca provider’’ function

may be specific to osteogenic cells (OBs andMSCs) (Figure 3C).

Overall, the fold changes of growth are correlative with the ability

of these cells to boost [Ca2+] in cancer cells (Figure 3D), indi-

cating that the ability of increase [Ca2+] in cancer cells is one

mechanism among others to enhance tumor progression.

Ca2+ Flows from Osteogenic Cells to Cancer Cells via
Gap Junctions
Osteogenic cells may increase cancer cell [Ca2+] by a few

possible mechanisms. They may release Ca2+ to medium, which
Figure 4. GJs Mediate the Ca2+ Flow from Osteogenic Cells to Cancer

(A) A schema of experiment design and key reagents and molecules (left) and t

treatment of various inhibitors (right). The co-culture was performed in Ca2+-free m

ROCE, receptor-operated Ca entry; CBX, carbenoxolone; MEFL, mefloquine; N

intensity.

(B) Fold change (FC) of MCF7 quantity, quantitated by BL, in the same experime

(C) Changes of GCaMP intensity in MCF7 cells (left) and OBs (right) in monocu

separate experiments: GCaMP+ MCF7 + GCaMP� OB, and GCaMP+ OB + GCa

(D) Western blot of indicated (phosphor-)proteins in MCF7 cells with or without 10

highlighted in additional rows.

(E) Expression of NFAT target gene set, MEF2 target gene set, andMECP2 in fibr

cancer cell lines. GSVA scores were calculated for NFAT and MEF2 target g

GEO: GSE27120. p values by Student’s t tests between indicated groups; *p va

(F and G) Calcein transfer through GJs in co-culture of MCF7 cells and OBs in the

indicated by gray area. The direction of transfer and percent positive recipient c

See also Figure S4.
in turn enters cancer cells through various Ca channels or recep-

tors (Berridge et al., 2003; Dubois et al., 2014). Alternatively, Ca2+

may directly flow between cells via gap junctions (GJs) (Osswald

et al., 2015). We employed inhibitors targeting these mecha-

nisms and asked whether they could reverse the observed

[Ca2+] change. Inhibitors of voltage-sensitive Ca channel,

store-operated Ca entry, and receptor-operated Ca entry, nifed-

ipine (NIFE) or SKF96365 (Wu et al., 2015), could not stop [Ca2+]

increase in cancer cells (Figure 4A). In contrast, a GJ inhibitor,

carbenoxolone (CBX), almost completely blocked the Ca2+

flow (Figure 4A). Consistently, CBX and another GJ inhibitor,

mefloquine (MEFL), but not NIFE or SKF96365, suppress OB-

induced growth of cancer cells in co-cultures (Figure 4B). ORAI

proteins play important roles in prostate tumorigenesis by medi-

ating store-independent Ca2+ entry (Dubois et al., 2014). ORAI1

and ORAI3 expression do not correlate significantly with BCa

bone metastasis (Figures S4A and S4B), suggesting that ORAI

channels might not play roles in later metastasis after initial

tumorigenesis.

Direct flow of Ca2+ toward cancer cells may lead to depletion

of Ca2+ in osteogenic cells. By expressing GCaMP in OBs, we

observed a decrease of [Ca2+] in these cells upon the establish-

ment of cancer-bone interaction. This change in OBs, as well as

the activation of Ca signaling in cancer cells, was abolished by

CBX (Figures 4C and 4D). The reciprocal decrease of [Ca2+] in

osteogenic cells is also reflected by transcription. Analysis of pa-

tient-derivedMSCs, fibroblasts, andmyoepithelial cells revealed

decreases of NFAT and MEF2 signatures and an increase of

MECP2 in MSCs when co-cultured with several cancer cell lines

(GEO: GSE29036) (Figure 4E). These differences are less pro-

nounced in fibroblasts and insignificant in myoepithelial

cells (Figure 4E). Thus, the Ca2+ flow is specific between cancer

cells and osteogenic cells, leading to increased Ca signaling

in cancer cells but decreased Ca signaling in osteogenic cells

(Figure S4C).

The GJs Mediate Bidirectional Substance Transfer
To assess the general directionality of the GJs between cancer

cells and osteogenic cells, we incubated either cell type with

calcein, a fluorescence dye that can diffuse through GJs,

before setting up the 3D co-cultures. This experiment uncovered

different efficiencies of heterotypic and homotypic GJs,

with most efficient dye-transfer between osteogenic cells
Cells

he alteration of median GCaMP intensity by co-cultured OBs as a function of

edium. VSCC, voltage-sensitive Ca channel; SOCE, store-operated Ca entry;

IFE, nifedipine; SKF, SKF96365; Veh, vehicle control; MGI, median GCaMP

nt as (A). Error bars = SD (n = 3 per group). p values by one-way ANOVA.

ltures, co-cultures, and co-cultures with 10 mM CBX. Data are based on two

MP� MCF7.

mMCBX treatment after mono- or co-culture for 4 hr. The gel-shift of NFAT1 is

oblasts, MSCs, and myoepithelial cells when they are co-cultured with various

ene sets and re-scaled linearly between 0 and 1. Analyses were based on

lues by one-way ANOVA across all groups.

absence (F) and presence (G) of 10 mMCBX. Negative control (no calcein) was

ells are indicated.
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(Figures 4F and S4D). OBs and osteocytes are known to connect

with one another with GJs to form a cellular network, which is an

essential characteristic of bone tissue (Jiang et al., 2007). Cal-

cein transfer was also detected between cancer cells, as well

as between cancer cells and osteogenic cells in a bidirectional

manner (Figures 4F and S4D). The transfer of calcein from oste-

ogenic cells to cancer cells can be blocked by CBX (Figures 4G

and S4E). These results suggest that the GJs between cancer

cells and osteogenic cells are bidirectional. The apparently uni-

directional flow of Ca2+ is likely driven by concentration gradient.

Connexin 43 Is Overexpressed in Bone Metastasis and
Correlates with Ca Signaling in Clinical Samples
The connexin family proteins are the major constituents of GJs.

Particularly in bone, osteocytes and OBs are widely connected

by GJs composed of connexin 43 (Cx43) (Plotkin and Bellido,

2013). We asked if bone metastatic cells also express Cx43.

IIA-injected MCF7 cells exhibited positive Cx43 staining at

cancer-bone interface (Figure 5A). The expression level of

Cx43 (encoded by GJA1) in cancer cells is significantly higher

in bone lesions as compared with in orthotopic tumors (Fig-

ure 5B). Co-culture with MSCs induced expression of Cx43 in

multiple cell lines (Figure 5C). Furthermore, the Ca transfer ap-

pears to be particularly significant between cancer cells and

MSCs compared with fibroblasts and myoepithelial cells (Fig-

ure 4E). This trend is correlative to the expression of Cx43 in

these stromal cells (Figure S5A).

In clinical data, bone metastasis exhibited the highest level of

Cx43 expression among all sites of metastases of both BCa and

PCa (Figures 5D and 5E). Cx43 expression in primary tumor is

associated with bone metastasis-free survival (Figure S5B).

Cx43 GJs play important roles in brain colonization in triple-

negative (TN) BCa (Chen et al., 2016). By separating metastases

based on ER, PR, and Her2 expression, we confirmed that all

subtypes of bone metastases and TN brain metastases overex-

press Cx43 (Figure 5D). Among bone metastases of BCa and

PCa, Cx43 expression positively correlate with NFAT and

MEF2 signatures, and negatively correlate with MECP2 (Fig-

ure 5F). These correlations are weaker among metastases at

other sites (Figure S5C), indicating that the connection between

GJs and Ca signaling may be particularly strong in the bone ME.

Inhibition of GJs Suppresses Bone Colonization
In 3D co-culture, small interfering RNA-mediated knockdown of

Cx43 in cancer cells or in OBs impeded the growth of MCF7 cells

(Figure S6A). Overexpression of DN-Cx43 (G138R) (Roscoe
Figure 5. Connexin 43 Is the Major Constituent of GJs
(A) IF co-staining of K8 and connexin 43 (Cx43) (left) or K8 and ALP (OBs, right) in s

cells. Arrows in high magnification pictures indicate punctuated Cx43 staining. S

(B) Normalized expression of GJA1 in bone lesions versus orthotopic tumors (GE

(C) A heatmap (left) showing the expression level difference of genes encoding

epithelial cells (HMEC) upon co-culture withOBs (GEO: GSE29036) and the paired

by paired t test.

(D) The expression ofGJA1 across BCametastases in different organs (GEO: GSE

epidermal growth factor receptor 2 (Her2) statuses (bottom). Sample size of eac

(E) Similar to (D) except that human PCa metastases (GEO: GSE77930) is exami

(F) Scatterplots showing the correlations betweenGJA1 expression and the NFAT

BCa and PCa. All values were linearly re-scaled to between 0 and 1.

Pearson correlation coefficients and p values by Student’s t tests are shown. Se
et al., 2005), but not wild-typeCx43, could achieve similar effects

(Figure S6B). The same observations were also made in murine

BCa cells (Figure S6C).

In BICA, we found that ablation of Cx43 in either osteogenic

cells or cancer cells, using cancer cells expressing DN-Cx43 or

bone fragments derived from hosts with conditional knockout

of Gja1, hindered bone colonization (Figures 6A–6C and S6D–

S6F). Similar effects were observed when murine 4T1 cells

were treated by CBX in BICA (Figure S6G). We previously re-

ported that development of E-cadherin and N-cadherin hAJs

promotes early bone colonization (Wang et al., 2015). Indeed,

ablation of hAJs, either by knockout of Cdh2, encoding N-cad-

herin, in bone or knockdown of E-cadherin in cancer cells,

causes reduced cancer growth in BICA (Figures S6E and S6F).

It is well established that formation of adherens junctions pre-

cedes and facilitates GJ development (Jiang et al., 2007; Shaw

et al., 2007). Our data support this notion and indicate that

both AJs and GJs mediate cancer-niche interaction.

Several in vivo experiments were also conducted to tackle GJs

in bone colonization. Firstly, compared with control cells, DN-

Cx43-expressing MCF7 cells exhibited significantly delayed

bone colonization after IIA injection, opposite to the wild-type

Cx43 (Figures 6D–6F). Secondly, treatment of GJ inhibitors,

MEFL or CBX, significantly delayed bone colonization of IIA-in-

jected MCF7 cells (Figures 6G–6I and S6H). CBX treatment

caused nuclear localization of MeCP2 in bone lesions (Fig-

ure S6I), suggesting reduced Ca signaling. Thirdly, 4T1.2 cells

were orthotopically transplanted into syngeneic BALB/c mice,

and orthotopic tumors were resected once reaching certain

size. The following adjuvant CBX significantly reduced sponta-

neous bone metastasis, but had little effects on metastases in

lungs (Figures 6J–6L). Taken together, these data strongly sup-

port the role of GJs in bone colonization.

Side Effects of GJ Inhibitors and High Effective Dosage
of Ca Signaling Inhibitors Prompted Need for Alternative
Therapeutic Strategies
Long-term CBX treatment led to an increased vertebral curva-

ture and consequently a reduced length from head to tail (Fig-

ure S7A). This is not surprising given the important roles of GJs

in normal bone development and homeostasis (Jiang et al.,

2007). Thus, global GJs may not be an ideal target for chronic

treatment. Ca2+ appeared to flow unidirectionally from osteo-

genic cells to cancer cells. The activation of Ca signaling is

specific to cancer cells and may represent a more suitable

target. Inhibitors, such as FK506 and Kn93, affected cancer
equential sections of amicroscopic bone lesion derived from IIA-injectedMCF7

cale bars, 10 mm.

O: GSE110451). p values by Student’s t test.

connexin family proteins in five breast cancer cell lines and human mammary

Cx43 expression (right) betweenmono- and co-cultures of these cells. p values

14020, top) and in bone and brain metastases divided based on ER and human

h group is shown in parentheses. p values by one-way ANOVA.

ned.

signature, the MEF2 signature, andMECP2 expression in bone metastases of

e also Figure S5.
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cell growth in the bone ME only at micromolar concentrations

(Figure S7B), which renders it unrealistic to be applied in vivo.

The mTOR signaling also contributes to promote bone coloniza-

tion (Wang et al., 2015). We therefore conducted a mini-

screening to identify agents that can inhibit bone colonization,

preferentially through inhibition of Ca signaling and/or mTOR

signaling at clinically relevant dosage.

BICA Screening Identified As2O3 and Danusertib that
Preferentially Target Cancer Cells in the Bone ME
We previously performed a BICA screening on a library of 68

small-molecule epigenetic modulators (Wang et al., 2017).

This screening led to identification of danusertib, a pan-aurora

kinase inhibitor with bone metastasis-selective efficacies. Here,

we performed another screening on a library containing 63

FDA- or foreign-approved anti-neoplasm drugs selected from

John Hopkins University Clinical Compound Libraries (JH

library, see Table S1), in order for potentially rapid drug reposi-

tioning. Two rounds of tests were conducted (Figure 7A), lead-

ing to the identification of arsenic trioxide (As2O3) (Figures S7C

and S7D), which displayed a comparable efficacy with danu-

sertib (Figure 7B). This effect appears to be bone-preferential:

the half maximal inhibitory concentration (IC50) of As2O3 is

reduced by 10- and 1,000-fold in BICA compared with 2D cul-

ture of cancer cells alone for MCF7 and C4-2 cells (Figure 7C).

We validated that, like danusertib, As2O3 treatment significantly

decreased spontaneous bone metastasis in the syngeneic

4T1.2 model when applied after orthotopic tumor resection

(Figure 7D). This did not appear to be a general anti-tumor ef-

fect, as the same dosage had no effects on orthotopic tumor

growth (Figure S7E).

As2O3 and Danusertib Both Affect Ca Signaling and GJs,
but Exhibit Less Side Effects
Since both mTOR and Ca signaling mediate early-stage bone

colonization, we asked whether the effects of As2O3 and danu-

sertib on bone metastasis are mediated by these pathways.

Indeed, both drugs appeared to increase NFAT phosphorylation

and/or decrease MeCP2 phosphorylation in co-cultures (Fig-

ure 7E), and led an increase of nuclear MeCP2 in bone lesions

(Figure 7F). Danusertib also decreased S6K phosphorylation,

indicating a reduction of mTOR signaling (Figure 7E). Finally,
Figure 6. Inhibition of Cx43 and GJs Retarded Bone Colonization

(A andB) The effect of re-expressingDN-Cx43 onMCF7 (A) and C4-2 (B) cell grow

shown on the right. p values by Student’s t test.

(C) The effect of inducible condition knockout (KO) of Gja1 in Osx+ lineage cells

(Osx1-cre;Gja1f/f) animals with doxycycline withdrawn (KO induced), are compare

doxycycline. n = 16 for each group. Representative BL images are shown on the

(D) A schematic illustration of experiments assessing the effects of inducible ove

(E) Growth curves of IIA-injected MCF7 cells with indicated genetic perturbation

measures ANOVA test across three groups. Representative BL images are show

(F) Normalized, log2-transformed BL intensity of hindlimb bones extracted from

(G) A schematic illustration of experiments assessing the effects of CBX/MEFL t

(H) Growth curves of IIA-injected MCF7 cells in hind limbs. CBX or MEFL treatme

group. p values by repeated measures ANOVA test across three groups. Repres

(I) BL intensity of hindlimb bones extracted from the three groups described in (G

(J) A schematic illustration of experiments assessing the effects of CBX treatmen

(K) Representative BL images of spontaneous metastases 2 weeks after orthoto

(L) BL intensity of hind limbs and lungs extracted from control and CBX-treated

Error bars = SD, except (E and H). See also Figure S6.
both As2O3 and danusertib reduced GCaMP intensity in cancer

cells in co-cultures (Figure 7G), indicating a decrease of [Ca2+].

Despite their effects on GJs, As2O3 and danusertib did not

exhibit obvious side effects. They did not change mouse weight

(Figure S7F). Nor did they affect normal bone cell viability in BICA

(Figure S7G). One explanation is that these drugs preferentially

affect GJs in cancer cells. Cx43 is upregulated when cancer cells

are co-cultured with osteogenic cells. As2O3 or danusertib might

inhibit this alteration, thereby preventing the formation of hetero-

typic GJs. For As2O3, this is indeed the case: GJA1 was one of

the most downregulated genes in MSC-interacting cancer cells

upon As2O3 treatment (Figure 7H), which is consistent with a pre-

vious finding in leukemia (Chou et al., 2005). By qPCR, we

confirmed that the treatment abolished the increase of Cx43

transcription in co-cultures, whereas it exhibited little effects

on Cx43 expression in MSCs alone (Figure 7I). The diminished

Cx43 expression was possibly due to the As2O3-induced reac-

tive oxygen species and oxidation of TFs Sp1 (Chou et al.,

2005). Chromatin immunoprecipitation assay confirmed that

Sp1 binds to the GJA1 promoter, which was decreased in

As2O3-treated cells (Figure S7H). Danusertib did not change

Cx43 expression, and might use other mechanisms. Interest-

ingly, aurora kinases, the targets of danusertib by design, can

regulate the S421 phosphorylation of MeCP2, and thereby

partially abolish the transcriptional output of Ca signaling (Fig-

ures 7E and 7F) (Li et al., 2014).

As2O3 Inhibits Bone Colonization via Ca Signaling
As2O3 may affect many processes in cancer cells. We asked if

the efficacies of As2O3 are mediated by the heterotypic GJs

and Ca signaling. First, blockade of GJs by DN-Cx43 abolished

the effects of As2O3 in BICA (Figure S8A). Overexpression of a

constitutively active (CA) CaMKII mutant (T286D) (Pi et al.,

2010) significantly increased resistance to As2O3 (Figure S8B)

and CBX (Figure S8C) in BICA. Moreover, the doxycycline-

induced expression of Cx43 also rescued As2O3 treatment (Fig-

ure S8C). To quantitate contribution of Ca signaling to the effects

of As2O3 in the bone ME, we examined dose-response curves of

cancer cells with or without expression CA-CaMKII in BICA (Fig-

ure S8D). CA-CaMKII expression increased the IC50 of As2O3

by over 10-fold (p& 0.001). More importantly, at a clinically rele-

vant dosage (<0.28 mM, the median plasma arsenic maximum
th in BICA. n = 12 bone fragments for each group. Representative BL images are

on MCF7 cell growth in BICA. The experimental group, Osx1-GFP::Cre;Gja1f/f

dwith control groups,Osx1-GFP::Cre (Osx1-cre) andOsx1-GFP::Cre;Gja1f/f on

right. p values by one-way ANOVA.

rexpression of wild-type Cx43 (WT-Cx43) or DN-Cx43 on bone colonization.

in hind limbs. Error bars = SEM. n = 5 for each group. p values by repeated

n on the right.

the three groups described in (D and E). p values by LSD test.

reatment on bone colonization of MCF7 cells.

nt last for 4 weeks as indicated by the arrow. Error bars = SEM. n = 5 for each

entative BL images are shown on the right. Veh, vehicle.

and H). p values by LSD test.

t on spontaneous bone metastasis of 4T1.2 cells.

pic tumor resection.

animals. n = 7 for each group. p values by Student’s t tests.
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concentration of As2O3-treated patients at 0.15 mg/kg/day)

(Fox et al., 2008), CA-CaMKII expression reverses most cell

deaths caused by As2O3. Finally, expression of CA-CaMKII

almost completely reversed the effects of As2O3 in bone coloni-

zation assays in vivo (Figure 8A). These results indicate that the

efficacies of As2O3 are dependent, to a large extent, on GJ and

Ca signaling.

Unlike As2O3, danusertib exerted additional inhibition on DN-

Cx43 cells (Figure S8A). Correspondingly, CA-CaMKII only

marginally rescued danusertib’s effects (Figure S8B), suggesting

that danusertib may affect multiple downstream pathways be-

sides Ca signaling (e.g., mTOR).

Transient As2O3 Treatment Reduced Latent Bone
Recurrence of ER+ BCa
The luminal subtype of BCa exhibits a stronger bone-tropism

than the TN subtype (Kennecke et al., 2010) and is more likely

to give rise to late-onset bone metastasis (Zhang et al., 2009),

suggesting that some BMM survive adjuvant therapies and

persist. Eliminating these BMM is a clinical challenge as they

are asymptomatic. One potential solution is to identify potent

but safe drugs that can kill BMM by transient treatment in unse-

lected patient population. As2O3 is an FDA-approved drug that

could be used for this purpose. Since this hypothesis is pertinent

to luminal ER+ BCa and latent metastatic growth, we employed

IIA injection of MCF7 cells, which can slowly colonize when

directly delivered into bones. We purposely left host animals

without extra estradiol so that the systemic estrogen level is

lower than normally needed for orthotopic tumor growth. Under

this condition, bone colonization could still occur in over 60% of

animals after a 2–5weeks latency time. Treatment of low-dosage

As2O3 significantly decreased this proportion and resulted

longer relapse-free survival (Figure 8B).

The mTOR signaling promotes early-stage bone colonization

(Wang et al., 2015). The mTOR inhibitors, such as everolimus,

are used to treat endocrine-resistant, metastatic ER+ BCa

(Baselga et al., 2012). In BICA, As2O3 and everolimus exhibited

additive efficacies (Figure S8E) without additive toxicity (Fig-

ure S8F). We asked if combined treatment of everolimus and

As2O3, under the low-estrogen condition, could further reduce

bone colonization. BMM are asymptomatic, precluding pre-

selection of high-risk patients. Therefore, short-term and low-
Figure 7. BICA Screening Identified As2O3 and Danusertib as Candida

(A) Schematic pipeline of multiplex drug tests using BICA.

(B) Heatmaps showing the efficacies of As2O3 (100 nM) and danusertib (100 nM) o

of proliferation (�1 = 100% cell number increase) and inhibition (1 = 100% cell n

(C) Efficacies of As2O3 on indicated cancer cells as a function of dosage in 2D cul

pieces are shown for each dot. p values by repeated measures ANOVA test.

(D) Efficacies of As2O3 (1.9 mg/kg) and danusertib (15 mg/kg) on spontaneous bo

after orthotopic tumor resection. n = 8 for each group. p values by one-way ANO

(E)Western blot shows the indicated (phosphor-)proteins under various (co-)cultur

gel-shift of NFAT is highlighted in an additional row.

(F) IF staining of MeCP2 in MCF7 bone lesions treated with vehicle, danusertib, o

cytoplasm or nucleus localization. Scale bars, 25 mm.

(G) The effects of As2O3 or danusertib on [Ca2+] in MCF7-OB co-cultures as asse

median GCaMP intensity (DMGI) was used to quantitate the difference and is sh

(H) ‘‘Volcano plot’’ showing gene expression alteration induced by As2O3 treatm

(I) The effects of 5 mM As2O3 on relative GJA1 expression in cancer cells with or w

mono-culture, vehicle-treated MCF7, or MSC were normalized to 1. Log2-transf

p values by Student’s t tests. Error bar = SD. Veh, vehicle; Danu, danusertib. Se
toxicity treatments are strongly desired to balance risk and

benefit in an unselected patient population. We kept the

everolimus/As2O3 treatment for 2 weeks right after IIA injection,

and then left the animals untreated. This transient treatment

significantly reduced relapses, and achieved a better outcome

compared with everolimus treatment alone (Figure 8C). This

was corroborated by ex vivo bioluminescence intensity

and immunohistochemistry analyses of K8 at terminal time

point after overt bone metastases developed (Figure 8D).

Through micro-computed tomography, we found that everoli-

mus treatment alone significantly increased bone mineral den-

sity, which was not much further improved by adding As2O3

(Figures 8E and S8G). This suggests that the additional

efficacies of As2O3 are predominantly through elimination of

lesions that are not yet osteolytic. Taken together, these

data indicate that short-term As2O3 treatment could be added

to current standard-of-care to reduce long-latency bone

metastasis.

DISCUSSION

The roles of Ca signaling in tumor progression have been well es-

tablished (Dubois et al., 2014; Prevarskaya et al., 2011). One

mechanism to increase cancer cell [Ca2+] is through interactions

with the ME niche (Figure 8F). This mechanism is specific to met-

astatic cells during early-stage bone colonization, when they

closely interact with the osteogenic niche cells, and is mediated

by GJs, which distinguishes it from other important Ca entry/

mobilization mechanisms involving Orai, Stim, and TRPM.

Bone is the major Ca reservoir of the entire organism. During

bone remodeling, ME [Ca2+] may fluctuate. This remodeling pro-

cess may alter BMM progression through the changes of Ca

signaling. Many processes induce bone remodeling, including

microfractures, inflammation, and drug-induced alteration to

bone homeostasis. Future studies may provide mechanistic

connections of these processes to the increased risk of bone

recurrences.

OBs and osteocytes are connected by GJs in the bone, form-

ing a network that readily transmits small molecules among

these cells. Once the GJs between cancer cells and OBs are

developed and Ca2+ is depleted from OBs, it is conceivable

that the concentration gradients may drive the flow from
te Therapies to Eliminate Cancer Cells Interacting with Osteoblasts

nMCF7 andMDA-MB-361 cells in BICA. The color scale is based on proportion

umber decrease). p values by LSD test.

ture or BICA. BL intensity was measured at week 2–3. Mean values of six bone

ne metastasis of 4T1.2 cells in syngeneic hosts. Treatment started immediately

VA test. Error bar = SD.

es ofMCF7 andMSCs, and treatment of 5 mMAs2O3 or 100 nMdanusertib. The

r As2O3. K8 indicates cancer cells. Single-channel image of MeCP2 highlights

ssed by GCaMP intensity. The gray area indicates no-OB control. Alteration of

own as a bar graph on the right.

ent in MCF7 co-cultured with MSCs. GJA1 is indicated.

ithout co-culturing of murine MSCs, quantified by qPCR. GJA1 expression in

ormed fold change (FC) is plotted. Three biological replicates are included.

e also Figure S7 and Table S1.
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connected osteocytes to OBs. This could mean that the Ca

reservoir may actually possess a larger capacity, also including

the osteocytes buried in the bone matrix.

GJs are increasingly linked to tumor progression and metas-

tasis (Aasen et al., 2016). GJs can serve as tumor suppressors

(Plante et al., 2011). Recent studies also suggest that, in specific

contexts, GJs may facilitate metastasis or therapeutic resistance

(Chen et al., 2016; Osswald et al., 2015). Thus, the function of GJs

is context dependent. Chronical inhibition of GJs exhibited severe

side effects, as would be expected. Interestingly, As2O3 and dan-

usertib can both inhibit GJ andCa signalingwithout the same side

effects. Inparticular, As2O3 isanFDA-approveddrug for treatment

of acute promyelocytic leukemia (Zhu et al., 2002). The exact

mechanisms underlying its efficacies have not been fully under-

stood. Previous studies suggested that As2O3 might affect Ca

influx (Raynal et al., 2016). We further showed that GJA1 is one

of the top genes downregulated by As2O3 treatment specifically

in cancer cells that are interacting with bone cells. The toxicity of

As2O3 has been intensively investigated and safe regimens have

been identified (Fox et al., 2008). As2O3 can eradicate cancer cells

10 times more efficiently in the bone ME, making the effective

dosage well below the toxicity threshold, providing a rationale

for further mechanistic and clinical studies.

Our data highlighted the importance of considering ME in

searching for anti-metastasis drugs. The close interaction with

osteogenic cells clearly confers cancer cells resistance to

some drugs. For instance, a recent study demonstrated that

the Notch signaling between cancer cells and the osteogenic

niche renders cancer cells resistant to chemotherapies (Zheng

et al., 2017). However, this interaction also confers vulnerability

to other drugs, sometimes unexpectedly. Ca2+ flow from osteo-

genic cells to cancer cells is underlying some of these alter-

ations. The unique ex vivo and in vivo platforms we developed

in previous studies (Wang et al., 2015, 2017) were essential for

the discoveries. In particular, BICA significantly accelerated

our search for bone metastasis therapies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NFAT1 in 1:200 (IF) or 1:1000(WB), Rabbit Cell Signaling Technology Cat#5861S; RRID:AB_10835147

pS6K(T389) in 1:1000(WB), Rabbit Cell Signaling Technology Cat#9234S; RRID:AB_2269803

pCamKII(T286) in 1:1000 (WB), Rabbit Cell Signaling Technology Cat#12716S; RRID:AB_2713889

MeCP2 in 1:200 (IF) or 1:1000(WB), Rabbit Cell Signaling Technology Cat#3456S; RRID:AB_2143849

pMeCP2(S421) in 1:1000(WB), Rabbit Rockland Cat#600-401-X14; RRID:AB_2614557

Firefly luciferase in 1:5000 (WB), Rabbit Thermo Cat#PA5-32209; RRID:AB_2549682

SP1 antibody (Chip grade) Cell Signaling Technology CST # 9389S; RRID:AB_11220235

normal rabbit IgG Cell Signaling Technology CST # 2729S; RRID:AB_1031062

Cx43 in 1:200 (IF), Rabbit Sigma Cat#C6219; RRID:AB_476857

Chemicals, Peptides, and Recombinant Proteins

D-luciferin Goldbio Cat# LUCNA-1G

Carbenoxolone Sigma Cat# C4790

Mefloquine Sigma Cat#1379059

Danusertib ApexBio Cat# A4116

Nifedipine ApexBio Cat#B1988

SKF96365 ApexBio Cat#B6616

Arsenic trioxide Sigma Cat# A1010

John Hopkins University Clinical Compound Library gift from Dr. Stephen T. C.

Wong’s laboratory at Houston

Methodist Research Institute

NA

Everolimus ApexBio Cat# A8169

Critical Commercial Assays

Nextera XT DNA Library Prep Kit Illumina Cat# FC-131-1096

Nextseq 500/550 high output v2 kit Illumina Cat# FC-404-2002

Deposited Data

breast cancer metastases dataset GEO GSE46141

human breast cancer metastases dataset in

different organs

GEO GSE14020

Stroma cells in the breast cancer microenvironment GEO GSE27120

Cancer-osteoblast heterotypic interactions dataset GEO GSE29036

Subpopulations of MDA-MB-231 and Primary

Breast Cancers

GEO GSE2603

Breast cancer relapse free survival and lung

metastasis free survival

GEO GSE5327

Breast cancer relapse free survival GEO GSE2034

Expression data from primary breast tumors GEO GSE12276

Metastatic prostate cancer dataset GEO GSE77930

in vivo Bone Lesion (IVBL) and Orthotopic

tumors dataset

GEO GSE110451

ATO treatment on mesenchymal stem cells (MSCs)

interacting breast cancer cells

GEO GSE118923

Experimental Models: Cell Lines

Human breast cancer MCF7 ATCC Cat# HTB-22; RRID: CVCL_0031

Human breast cancer MDA-MB-361 ATCC Cat# HTB-27; RRID: CVCL_0620

Mouse pre-osteoclast RAW264.7 ATCC Cat# TIB-71; RRID: CVCL_0493

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human monocyte U937 ATCC Cat# CRL-1593.2; RRID: CVCL_0007

Mouse breast cancer 4T1 Barbara Ann Karmanos

Cancer Center

RRID: CVCL_0125

Mouse breast cancer 4TO7 Barbara Ann Karmanos

Cancer Center

RRID: CVCL_B383

Mouse breast cancer 4T1.2 Gift from Dr. Robin Anderson at

Peter MacCallum Cancer Center

RRID: CVCL_GR32

Human Mesenchymal stem cell gift from Dr. Max Wicha’s laboratory

at University of Michigan

Human osteocyte MLO-Y4 gift from Dr. Florent Elefteriou at

Baylor College of Medicine

RRID: CVCL_M098

Human Astrocyte ScienceCell Catalog #1800

Human mammary fibroblast cell gift from Dr. Eric Chang’s laboratory

at Baylor College of Medicine

Mouse fibroblast NIH3T3 ATCC Cat# CRL-1658; RRID: CVCL_0594

Human pre-Osteoblast hFOB1.19 ATCC Cat#CRL-11372; RRID: CVCL_3708

Human prostate cancer C4-2, Fluc+ gift from Dr. Dasgupta Subhamoy’s

lab at Roswell Park Comprehensive

Cancer Center

Human prostate cancer 22RV1 ATCC Cat#CRL-2505; RRID: CVCL_1045

Experimental Models: Organisms/Strains

Mouse Bal/cJ Envigo NA

Mouse C57BL/6 Envigo NA

Athymic nude mice Envigo NA

Osx1-GFP::Cre mice Jackson Laboratory Cat#006361

Gja1 flox mice Jackson Laboratory Cat#008039

Cdh2 flox mice Jackson Laboratory Cat#007611

Oligonucleotides

FAP-F Tripathi et al., 2014 TGGCGATGAACAATATCCTAGA

FAP-R Tripathi et al., 2014 ATCCGAACAACGGGATTCTT

ACTB-F This paper GTTGTCGACGACGAGCG

ACTB-R This paper GCACAGAGCCTCGCCTT

TWIST1_F Tripathi et al., 2014 AGCTACGCCTTCTCGGTCT

TWIST1_R Tripathi et al., 2014 TCCTTCTCTGGAAACAATGACA

MRC2_F Tripathi et al., 2014 AACTTCCGGGACAGTCTGG

MRC2_R Tripathi et al., 2014 TTACAGGGACTGTCGTTCCA

COL3AL_F Tripathi et al., 2014 ACTGGAGCACGGGGTCTT

COL3AL_R Tripathi et al., 2014 TCCTGGTTTCCCACTTTCAC

ANGPTL2_F Tripathi et al., 2014 GCCCACTATGCCCACTCTC

ANGPTL2_R Tripathi et al., 2014 CTGCAGGCAGTCTCTCCAT

MGP_F Tripathi et al., 2014 TGAAAGCATGGAATCTTATGAACTT

MGP_R Tripathi et al., 2014 CTGCTGAGGGGATATGAAGG

PTRF_F Tripathi et al., 2014 CAGCGTCAACGTGAAGACC

PTRF_R Tripathi et al., 2014 CCGGCAGCTTCACTTCAT

MECP2_F This Paper GCGAGGAGGAGAGACTGGA

MECP2_R This Paper TTTAAACTTGAGGGGTTTGTCC

GJA1-F This Paper TCCTCCTCTTTCTTGTTCAGTTTCTCT

GJA1-R This Paper CCTGCAGATCATATTTGTGTCTGTTC

GAPDH-F This Paper TTGAGGTCAATGAAGGGGTC

GAPDH-R This Paper GAAGGTGAAGGTCGGAGTCA

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Actb-F This Paper GGCTGTATTCCCCTCCATCG

Actb-R This Paper CCAGTTGGTAACAATGCCATGT

Nfatc1_F This Paper TCCAAAGTCATTTTCGTGGA

Nfatc1_R This Paper CTTTGCTTCCATCTCCCAGA

Nfatc2_F This Paper CAACGGAAAGAGGAAACGAA

Nfatc2_R This Paper CTGTCTTGATGGCAGGGACT

Gapdh-F This Paper AGGTCGGTGTGAACGGATTTG

Gapdh-R This Paper TGTAGACCATGTAGTTGAGGTCA

FW-SP1-CX43 This Paper ACTGCTGCTCTTTGCCTCTT

RV-SP1-CX43 This Paper TGTAACTTGGAGCACAGAGCTT

Recombinant DNA

pMD2.G Addgene Cat#12259

psPAX2 Cat#12260

pwpt-Fluc/GFP or pwpt-Fluc/RFP Wang et al., 2015

pHAGE-RSV-GCaMP6s Addgene Cat#80146

pInducer22 gift from Dr. Thomas Westbrook’s

lab at Baylor College of Medicine

pInducer22-DN-Ecad Wang et al., 2015

pInducer22-WT-Cx43 This paper

pInducer22-DN-Cx43(G138R) This paper

pInducer22-DN-CaMKII(T286A) This paper

pInducer22-CA-CaMKII(T286D) This paper

pInducer22-DN-Calcineurin(delta H160Q) This paper

Software and Algorithms

ImageJ National Institute of Health NA

Cyverse National Science Foundation Award Numbers DBI-0735191 and

DBI-1265383

R 3.3.4 R Core Team NA

Graphpad Prism7 GraphPad Software, Inc. NA

Flow Jo v10.0. FlowJo, LLC NA

SPSS 19 IBM NA

Other

Code of analysis by R programming This paper https://github.com/lethesea/Targeting-

calcium-signaling-in-bone-micrometastases
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources or reagents should be directed to the lead contact Dr. Xiang H.-F. Zhang at xiangz@

bcm.edu

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Athymic nude mice and Balb/c mice were purchased from Envigo. Osx1-GFP::Cre mice, Gja flox mice and Cdh2 flox mice were pur-

chased from Jackson Laboratories (stock numbers: 006361; 008039; and 007611, respectively). These strains were intercrossed to

produce experimental cohorts Osx1-GFP::Cre;Cdh2 f/f and Osx1-GFP::Cre;Gja1 f/f mice. Mice genotyping was performed under the

guidance of JAX genotyping protocol. To halt EGFP/Cre fusion protein expression, doxycycline was added to water bottles at a final

concentration of 200 mg/L and changed weekly until 2 weeks before the experiment. The 5- to 7-week-old female mice were used in

all in vivo/BICA experiments. In the regular tumor model using ER+ human breast cancer cells (e.g. MCF7 cells), estradiol tubes were

prepared and transplanted to nude mice before cancer cell injection. All animal work was done in accordance with a protocol

approved by the Baylor College of Medicine Institutional Animal Care and Use Committee.
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Cell Lines
Human breast cancer cell lines MCF7 and MDA-MB-361, human prostate cancer cell line C4-2 and 22Rv1, mouse pre-osteoclast

RAW264.7, human monocyte U937, mouse fibroblast NIH 3T3 and human osteoblast hFOB1.19 cells were obtained from ATCC.

Mouse breast cancer cell lines 4T1 and 4TO7 cells were purchased from Barbara Ann Karmanos Cancer Center. Human astrocytes

were purchased from ScienCell. All these purchased cells were maintained under the manufacturer’s recommended media.

4T1.2 cell was a generous gift from Dr. Robin Anderson at Peter MacCallum Cancer Center and cultured in DMEM supplemented

with 10% FBS, 1% penicillin-streptomycin, and 0.2% Amphotericin B. The immortalized MSC cell line was a generous gift from

Dr. Max Wicha’s laboratory at University of Michigan and was cultured in alpha-MEM supplemented with 10% FBS, 1% peni-

cillin-streptomycin, and 0.2%Amphotericin B. The osteocyte cell lineMLO-Y4was gifted fromDr. Florent Elefteriou at Baylor College

of Medicine and cultured in alpha-MEM culture medium containing 2.5% FBS and 2.5%Calf Serum. The humanmammary fibroblast

cell was gifted from Dr. Eric Chang at Baylor College of Medicine and cultured in DMEM supplemented with 10% FBS, 1% penicillin-

streptomycin, and 0.2% Amphotericin B. Fluc/GFP labelled C4-2 cell was a generous gift from Dr. Dasgupta Subhamoy’s lab at

Roswell Park Comprehensive Cancer Center.

METHOD DETAILS

IIA Injection and IVIS Imaging
Intra-iliac injections and IVIS imaging were performed as previously described (Wang et al., 2015; Yu et al., 2016). Briefly, mice were

anesthetized by isoflurane or ketamine (100mg/kg body weight) and xylazine (10mg/kg body weight) mixture, and then restrained on

a Far InfrairedWarming Pad (Kent Scientific). A 1.5 cm incision wasmade between the 4th and 5th nipples in the lower right abdomen.

Blunt dissection was performed to separate muscles and expose the common iliac artery. 5 X105 MCF7 or C4-2 cancer cells were

suspended in 0.1 ml PBS were injected via 31G needles. A cotton tip was used to press the artery incision area to stop bleeding

(in about 5-10 min). The wound was then closed by a 9 mm EZ clip. All mice receiving IIA injection were monitored until awake

and moving normally. In the regular IIA model injecting MCF7 in nude mice, estradiol pellet was implanted under the back neck

skin to accelerate the tumor lesion formation. In the ‘‘latency’’ model (Figures 8B and 8C), no estradiol was provided to mice.

When induced protein expression was demanded, 200 mg/L doxycycline in water was administered to animals right after injection

till the end of experiments.

Bioluminescence signaling was checked by injection of 100 ml 15 mg/ml sterilized firefly luciferase substrate D-luciferin

(LUCNA-1G, Goldbio) via the intra-orbital sinus. Animals were imaged weekly using IVIS Lumina II (Advanced Molecular Vision).

The acquired bioluminescence signals were normalized by the day 0 intensity around the knee joint other than the entire hind limb.

Spontaneous Bone Metastasis Assay
The spontaneous bone metastasis assay was performed as previously described (Wang et al., 2015). Briefly, BALB/c mice recieved

mammary fat pad injections of 1X105 4T1.2 cells suspended in physiological saline with 50% Growth Factor Reduced Matrigel Ma-

trix. Surgical resection was used to remove the tumors when tumors reached >7 mm in diameter. Mice were then randomized into

different groups to initialize treatment and closelymonitored for up to 2weeks.Whole-body bioluminescence imagingwas performed

before mice were sacrificed. BL signals from spines and hind limbs regions were quantified as bonemetastasis. Hind limb bones and

lungs were extracted right after euthanasia for ex vivo bioluminescence imaging.

Pharmacological Treatment
The administration of carbenoxolone, mefloquine and danusertib followed previous reports (Fraedrich et al., 2012; Keiser et al., 2011;

Morecki et al., 1997) whereas the dose of the two FDA-approved drugs, everolimus and arsenic trioxide were adjusted from clinical

human dose by FDA guidance: mouse dose(mg/kg)=human dose X mouse Km (�37) / mouse Km (�3). Carbenoxolone (CBX, C4790

Sigma) was injected i.p. daily at the dosage of 30 mg/kg. Mefloquine (MEFL, 1379059 Sigma) was administrated once weekly by oral

gavage at the dosage of 50 mg/kg. Danusertib (A4116, ApexBio) were injected i.p. daily at the dosage of 15 mg/kg. Arsenic trioxide

(A1010, Sigma) was injected i.p. daily at the dosage of 1.9 mg/kg (transferred from 0.15 mg/kg/day for human). Everolimus (A8169,

ApexBio) was administrated daily by oral gavage at the dosage of 1mg/kg. For IIAmodel, all drug treatmentswere administrated from

the day of injection till the end of experiment unless specifically stated. For spontaneous model, treatments were administrated after

resection of primary tumors till the end of experiment.

Bone-in-Culture Array (BICA)
Bone-in-culture samples were set up as previously described (Wang et al., 2017). All the cancer cells used for BICA were labelled by

luciferase. After IIA injection, the epiphysis and metaphysis around knee joint of the femurs and tibias were collected and crushed

with a sterilized bone plier (F.S.T.16025–14). The generated bone pieces were transferred to low-attachment 96-well plates and

cultured in DMEM/F12 media (with 2.438 g/L Sodium Bicarbonate, Gibco Ca#11320-033) with 2% FBS. Mediumwas changed every

3–4 days. IVIS imaging were performed on 2nd - 3rd week to measure the bioluminescence intensity. BL intensity is normalized to

Day 0 signals right after IIA injection unless specified otherwise.
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Drug Screening
The John Hopkins University Clinical Compound Library is a generous gift from Dr. Stephen T. C. Wong’s laboratory at Houston

Methodist Research Institute. 66 anti-neoplasm drugs were selected based on the annotation of compounds. The drug screening

was performed as previously reported (Wang et al., 2017). Briefly, BICA samples carrying Fluc+ MCF7 cells were aligned in low-

attachment 96-well plates with six replicates per condition. For parallel 2D cultures, MCF7 cells were plated in regular 96-well plates

at a density of 500 cells/well. Signals were monitored for 2-3 weeks. In the first screening, 66 anti-neoplasm drugs were randomly

grouped at a concentration of 100 nM for each compound (see Table S1). In the secondary screenings, single compounds were

tested at 100 nM separately.

Recombinant DNA Generation
Dominant negative CaMKII T286A was cloned fromGFP-C1-CAMKIIalpha-T286A (Addgene Cat#21220); Constitutive active CaMKII

T286D was cloned from XE118 CAMKII-T286D-CS2+ (Addgene Cat#16736); Dominant negative Calcineurin DH161Q was cloned

from pET15b CnA CnB (Addgene Cat#11787), mutations introduced by PCR. Wild-type Cx43 and dominant negative Cx43

G138R was cloned from hFOB1.19 cDNA, mutations introduced by PCR.

pInducer22 (a generous gift from Dr. Thomas Westbrook’s lab at Baylor College of Medicine) serves as the the backbone of doxy-

cycline-induced overexpression system. The Gateway cloning system (ThemoFisher Scientific) was applied to insert Cx43, E-cad-

herin, Calcineurin or CaMKII (of wild-type, constitutive active or dominant negative proteins) into pInducer22, following the

manufacturer’s protocol. To induce gene expression in vitro or in BICA, cells were treated with 50-100 ng/ml doxycycline in culture

media. To induce gene expression in vivo, mice were administrated by 200 mg/L doxycycline in drinking water.

The PWIPZ system (psPAX2 and pMD2,G) was used to introduce Gcamp (carried by pHAGE-RSV-GCaMP6s , #80146, addgene),

Cx43, E-cadherin, Calcineurin or CaMKII (carried by pInducer22) or firefly luciferase fused with GFP /RFP (carrie by pWPT) into

different cell lines via lentivirus packaging and transduction. Transfection efficiencies were determined by western bolt.

3D Co-culture Assay
For IVIS imaging, a total of 20,000/well luciferase -labeled cancer cells with equivalent number of unlabeled osteogenic cells were

cultured in 24-well low-attachment plate with serum-free DMEM/F12 media. The signal of cancer cells were were monitored or

3-7 days through bioluminescence imaging with IVIS Lumina II. Before imaging, sterilized firefly luciferase substrate D-luciferin

(LUCNA-1G, Goldbio) was added to the cultures to reach a final concentration of 150 mg/ml.

For IF staining, qPCR or western blots on samples incubated over 48 hr, a total of 250,000/well cancer cells with 50,0000/well oste-

ogenic cells were cultured in 6-well low-attachment plate with serum-free DMEM/F12 media. After 48 hr, organoids were spun down

at 500 g for 5 min, rinsed by PBS, and then resuspended for PFA (IF), Trizol (qPCR) or lysis buffer (western blot).

For transient coculture settings (Figures S2D, 4D, and 7E), 500,000 cancer cells were suspended and incubated with/without equal

number of osteogenic cells for 3.5 hr in serum and calcium free S-MEMmedia. After that, 0-2mMcalciumwas added alongwith other

inhibitors as designed for 30 min. Cells were spun down at 500 g for 5 min, washed by PBS, and then resuspended in lysis buffer.

Western Blot
Western blots were performed using antibodies against NFAT1(Cell Signalling, 5861S), pS6K(T389) (Cell Signaling, 9234S),

pCamKII(T286) (Cell Signalling, 12716S), MeCP2 (Cell Signalling, 3456S), pMeCP2(S421)(Rockland, 600-401-X14), Firefly luciferase

(Thermo, PA5-32209). The Electrophoresis and Membrane-Transfer were performed by iBlot (Invitrogen). Imaging was obtained by

Odyssey (Li-Cor) system, following the manufacturer’s protocol.

Immunofluorsent and Immunohistochemical Staining
On Day 2, the organoids were collected by centrifugation (500 g for 2 mins), fixed in 4% paraformaldehyde, and paraffin embedded.

Orthotopic tumor samples were chopped into small chunks and fixed in 4% paraformaldehyde for paraffin embedding. Femur and

tibia bones were excised from mice at the end point of each experiment. Mussels were carefully removed by paper towels. BICA or

tumor-bearing bone samples were fixed in 4% paraformaldehyde, decalcified in 14% EDTA for 2 weeks, and embedded in paraffin

for section. Microtome-sectioning was conducted to prepare 6 mm slides for organoids, othotopic tumor, BICA or bone samples.

Immunofluorescent and immunohistochemical staining was assisted by the BCM Breast Center Pathology Core and performed

with the antibody against Cx43 (Sigma, C6219), MeCP2 (Cell Signalling, 3456S) and NFAT (Cell Signalling, 5861S). Sections were

deparaffinized and followed by antigen retrieval in 1x citric buffer at 90�C for 10 min. After blocking for 1 hour at RT in blocking buffer

(5 % goat serum, 5 % donkey serum, 2 % BSA in PBS-GT), slides were incubated overnight in a humidified chamber at 4�C with

primary antibodies. The next day, slides were washed and incubated with Alexa Fluor conjugated secondary antibody (1:250, Jack-

son ImmunoResearch) for 1 hour at room temperature. Afterwards slides were stained with SlowFade Gold antifade reagent with

DAPI (Life technologies, cat # S36936). Washing was performed in PBS between all steps. Immunofluorsent images were obtained

using a Leica confocal microscope and ImageJ. Immunohistochemical imageswere obtained using anOlympus BX50F4microscope

and CellSens. All pictures are representative of at least three biological replicates in each group.
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Flow Cytometry
To quantify calcium flow by FACS, cells expressing Gcamp6s were incubated with/without non-Gcamp6s cells for 4 hr in serum and

calcium free S-MEMmedia. After that, 0-2 mM calciumwas added along with other inhibitors as designed for 30 min and go for flow.

To characterize the Calcein (C3100MP, ThermoFisher) transportation throw gap junction, Osteoblasts were preloaded with Calcein

and cocultured with cancer cells for up to 4 hr in DMEM/F12 media before flow. All data were acquired using a BD LSR Fortessa

Analyzer and analyzed with Flow Jo v10.0.

MicroCT (mCT) Analysis
For mCT analyzes, hind limb specimens were dissected to remove soft tissues. The bone specimens consisting of the entire femur

and tibia were fixed in formaldehyde prior to imaging. The specimens (n=4) were stabilized in a individual holders and kept in ethanol

during mCT scanning. To accommodate the length of bone specimens, overscanmodewas usedwhich acquired sequentially 7 high-

resolution images with a spatial resolution of 6.5 mm (Skyscan1174v2; Bruker, Kontich, Belgium). The X-ray source was set at a

voltage of 50kV, a current of 200 mA, and a rotation step at 0.2�. The sequential images were then digitally combined to obtain visu-

alization of the entire femur and tibia. Qualitative analyzes included 2- and 3-dimentional reconstructions performed using NRecon

and CTvox software (Bruker, Kontich, Belgium). After determining that the site of most pronounced metastatic destruction occurred

in the distal femur and proximal tibia, segments of these bone regions each extending 5mm away from the knee joint space were

selected for quantitative analyzes. The region of interest (ROI) were selected, and the gray thresholds of 68 and 120 allowed to calcu-

late total (cancellous and cortical) and cortical bone, respectively. Bone mineral density was assessed using previous calibration

against standard mouse density mCT phantoms. mCT results were compares using 1-way ANOVA with Bonferroni-Holm posthoc

test for pairwise caparisons. Statistical significance was set at a threshold of 0.05.

RNA Isolation and qRT-PCR Analysis
Total RNAs were extracted from cells using Direct-zol RNA miniPrep kit (Zymo Research) following manufacturer’s instructions.

RNAs were reverse-transcribed into cDNAs by using Superscript III reverse transcription kit (Invitrogen). Real-time RT-PCR was per-

formed on Biorad CFX connected Real-time system using PowerUp SYBR Green Master Mix (applied biosystems). All real-time

RT-PCR assays were performed in at least duplicate in three independent experiments. In 3D assay, human cancer cell and murine

MSC were co-cultured. Human-specific primers were used exclusively for gene expression detection in cancer cells. Relative

expression values of each target gene were normalized to GAPDH or ACTBmRNA level. The primers are listed in the Key Resources

Table.

Chromatin Immunoprecipitation (ChIP)-Assay
Cells were vehicle- or 200 nM As2O3 treated for 7 days and harvested for ChIP assay. In brief, DNA/protein complexes were cross-

linked using 1% formaldehyde for 10min, followed by chromatin extraction. Chromatin shearing was performed for 4 cycles of 10min

(30 sec ON/OFF). Pre-cleared samples were immunoprecipitated at 4�C overnight with SP1 antibody (CST # 9389S) or normal

rabbit IgG (CST # 2729S) linked to Dynabeads protein G. Beads were sequentially washed 3 times with 1ml of Buffer 1 (50mM

Hepes-KOHpH 7.5, 150mMNaCl, 1mMEDTA, 1%Triton X-100, 0.1% sodiumdeoxycholate, and 0.1%SDS), oncewith 1ml of Buffer

2 (50mM Hepes pH 7.5, 350mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate 0.1% SDS), 1ml of Buffer 3 (1mM

EDTA, 10mM Tris-HCl pH 8.1, 250mM LiCl, 1mM sodium Deoxycholate, and 1% NP40), and 1ml of Buffer 4 (1x) (1mM EDTA,

10mM Tris-HCl). Chromatin was eluted with 1% SDS buffer, followed by 2 hours protein digestion, and overnight DNA de-crosslink-

ing at 67�C. DNAwas purified using a DNAClean &Concentrator kit (ZYMO #D4013) and used for RT-PCRwith the primers FW-SP1-

CX43 and RV-SP1-CX43 (see Key Resources Table).

RNA-Seq Experiment
For mice samples, the RNA-seq experiment was performed as previously reported (Wang et al., 2017, Figure S2A). The orthotopic

tumor and bone lesion samples were collected 3 weeks after inoculation. Tissues were homogenized by Precellys 24 Homogenizer

(Bertin). In 3D assay, human cancer cell andmurineMSCwere co-cultured in serum-free DMEM/F12media for 48 hr and centrifuged.

Total RNA of either tissues or cells were extracted using the Direct-zol RNA miniprep kit (Zymo Research). The first and second

strands of cDNA were prepared by SuperScript III First-Strand Synthesis System and NEBNext mRNA Second Strand Synthesis

Module from > 200 ng total RNA/ sample. Sequencing libraries were generated with the Illumina Nextera XT DNA Library Prep Kit

(Illumina, San Diego, CA,USA) according to the protocol supplied by the manufacturer. Cluster generation was performed using

the Illumina Nextseq 500/550 high output v2 kit and sequenced on the Illumina Nextseq 500 equipment.

The reads containing a mixture of human and mouse reads were separated with in silico sorting using Xenome (version 1.0.1). We

used the default k-mer size suggested by Xenome (-k 25). After that, the sorted human reads were mapped using STAR RNA-seq

aligner (version 2.4.1d). To make full use of the reads not uniquely mapped we used RSEM, which applies estimation maximization

to quantify gene and isoform expression. DEseq2 R package was used to normalize the gene/isoform expressionmatrix. The dataset

has been uploaded to GEO with the access number GSE110451.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All results are presented in the formofmean±s.e.m. ormean±s.d. Sample sizes for in vivo experiments are noted in the corresponding

figures or figure legends. Log-transformation were performed to achieve better visualization for samples with large standard devia-

tion. Differences among growth curves and IC50 inhibition curves were assessed using repeated measure analysis of variance tests.

In experiments containing two groups, 2-tailed student’s t-tests were performed with the assumption of equal variation. In experi-

ments consisting of more than two groups, the differences between means of different experimental groups were analyzed using

LSD tests. Results using other statistical analysis were noted in respective legends.

Gene Set Variation Analyses were performed using the GSVA package of the R program (H€anzelmann et al., 2013). Default settings

are used. Transcription factor target gene sets were downloaded from the MSigDB database (the C3 TFT collection) (Subramanian

et al., 2005). The generated GSVA scores of each pathway were compared between bone metastases and other metastases in GSE:

GSE14020 using the SAM package of R. In some analyses, we re-scaled GSVA scores linearly between 0 and 1 by (max_score –

gsva.score_i)/(max_score – min_score), where gsva_score_i represents the score of the i’th tumor, and max_ and min_scores repre-

sent the maximum and minimum scores of all tumors, respectively.

Survival analyseswere performed using the ‘‘survival’’ package of the R program. The ‘‘survdiff’’ functionwas used to compute log-

rank p values between different groups. And the ‘‘survfit’’ function was used to generate Kaplan-Meier curves.

For all boxplots, the line inside the box is the median value; top/bottom bars of the box show 75th/25th percentile; the upper/lower

whiskers show largest/smallest values no further than 1.5 x inter-quartile range from the hinge; data points beyond whiskers are

possible outliers.

DATA AND SOFTWARE AVAILABILITY

The in vivo Bone Lesion (IVBL) and Orthotopic tumors dataset is available in NIH Gene Expression Omnibus with the accession num-

ber GSE110451.

The dataset of ATO treatment on mesenchymal stem cells (MSCs) interacting breast cancer cells is available in NIH Gene Expres-

sion Omnibus with the accession number GSE118923.

The Mendeley Dataset of this manuscript is available at: https://doi.org/10.17632/bbbz577rx8.1.

Codes data analysis by R programming is available at: https://github.com/lethesea/Targeting-calcium-signaling-in-bone-

micrometastases.
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Figure S1. Calcium signaling is enriched in bone metastasis compared to metastases in 
other organs, Related to Figure 1.  

(A) Boxplots show the expression of NFAT and MEF2 (GSVA scores) across human breast 

cancer metastases (GSE14020) in different organs. Numbers in parentheses indicate sample 

size of each group. p values were calculated by one-way ANOVA. 

(B) Boxplots show the expression of NFAT / MEF2 target genes and MECP2 between bone 

metastases and visceral metastases (GSE46141). p values were computed by Student’s t tests. 

(C) Kaplan-Meier plots of the probability of bone, lung and brain metastasis-free survival in a 

combined Erasmus/MSKCC dataset (GSE2603, 5327, 2034, and 12276) in relation to the 

mcSig-predicted NFAT activity. All patients are divided into three groups of equal numbers with 

low-, medium- and high-activity of mcSig NFAT signature. The number of diagnosed metastasis 

events and the total number of patients are indicated for each analysis. p value was calculated 

according to log rank test. 

For all boxplots: line inside the box: median value; top/bottom of the box: 75th/25th percentile; 

upper/lower whiskers: largest/smallest values no further than 1.5 x inter-quartile range from the 

hinge; data points beyond whiskers: possible outliers. Same for the boxplots in other figures. 
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Figure S2. Experimental models recapitulate the enhancement of calcium signaling in 
cancer cells interacting with the bone microenvironment, Related to Figure 2. 

(A) The pipeline of next-generation RNA sequencing and transcriptomic profiling performed to 

generate GSE110451. IIA: intra-iliac artery injection. MFP: mammary fat pad injection. 

(B) Western blot on the basal level of the indicated proteins / phosphor-proteins in cancer cells 

or MSCs without co-culture or inhibitor treatment. 

(C) The expression of NFAT signature and MECP2 gene in human MCF7 cells in co-culture with 

murine MSCs, as detected by real-time PCR. Human-specific primers were used to exclude 

transcripts from mMSC and measure only transcripts in cancer cells . All NFAT signature genes 

were detected except for ASPN. Log2-transformed fold change (FC, co-culture over mono-

culture) is plotted. Three biological replicates are included. Error bars = S.D. 

(D) Western blot shows the expression of NFAT and phosphor-MeCP2 at Ser 421 with or 

without treatments of 10 μM Kn93 or 10 μM FK506 after mono- or coculture for 4 hr. The shift 

between pNFAT and npNFAT is highlighted in a separate row with stretched height/width ratio. 

Firefly luciferase (Fluc) was used as loading control exclusively for cancer cells. 

(E) Bar graphs show the quantification of firefly luciferase-labeled MCF7 cells with or without co-

culture of equal number of OBs in 3D suspension cultures under treatments of 10 μM Kn93 or 

10 μM FK506. BL signals were measured on Day 5 and normalized to untreated MCF7 cells 

without OBs. n=3 technical replicates. The fold change between +OB and –OB conditions (+/– 

OB) is calculated for each condition and shown in the box of dotted line. Error bars = S.D. 

(F) Related to Figure 2H and 2I. Bar graph shows the growth rate change of MCF7 and C4-2 

cells expressing DN-CaN, DN-CaMKII, and both (DN-CaN+DN-CaMKII). BL signals were 

normalized to empty vector group in either 2D or BICA culture. n=8 wells/group for 2D culture; 

n=12 bone fragments/group for BICA. Error bars = S.D. p value by Student’s t test for E and F.  

(G) Top: BL pictures of of IIA-injected C4-2 prostate cancer cells, either expressing empty 

vector or DN-CaN + DN-CaMKII. n=7 for both groups. BL signals were measured on the 6th 

week after IIA injection. Bottom: Kaplan-Meier curves of the indicated groups. The end point is 

defined as the time point when detectable hind limb signal intensity was observed and continues 

to increase at subsequent time points. p value was based on a log-rank test. 
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Figure S3. Calcium flows from osteogenic cells to cancer cells , Related to Figure 3.

Intensity curves of GCaMP under 0 mM, 1 mM and 2 mM [Ca2+] in the indicated group. 
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Figure S4. Gap junction mediates the calcium flow from osteogenic cells to cancer cells, 
Related to Figure 4.  

(A) Box-whisker plot shows ORAI3 gene expression across metastases in different organs 

(GSE14020). ORAI1 was not detected in this dataset. p value was computed by one-way 

ANOVA. 

(B) Box-whisker plots show ORAI1 and ORAI3 expression in bone lesions or orthotopic tumors 

derived from MCF7 cells. p value was computed by Wilcoxon tests. 

(C) Schematic illustration of the conclusion based on Figure 4E. 

(D) Calcein green assay of small molecule transfer through gap junctions in culture of 4T1 cells 

and OBs. Negative control (no calcein green) is indicated by grey area. The direction of transfer 

and percent positive recipient cells are indicated.  

(E) The same as Figure 4G except that murine breast cancer cell 4T1 was used instead of 

human breast cancer cell MCF7. . 
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Figure S5. Connexin 43 (Cx43) is the major constituent of gap junction, Related to Figure 
5. 

(A) Boxplot shows the expression level of GJA1 (encoding Cx43) in different stromal cells. p 

values were computed by one-way ANOVA. Data are based on GSE29036. 

(B) Kaplan-Meier plots of the probability of bone, lung and brain metastasis-free survival in the 

combined Erasmus/MSKCC dataset in relation to the GJA1 (encoding Cx43) expression. All 

patients are divided into two groups of equal numbers with low- and high-expression of Cx43. 

The number of diagnosed metastasis events and the total number of patients are indicated for 

each analysis. p value was calculated according to log rank test. 

 (C) Scatter plots show the correlations between Cx43 (GJA1) expression and the NFAT 

signature (Tripathi et al., 2014), the MEF2 signature (Di Giorgio et al., 2017), as well as MECP2 

single gene expression in non-bone metastasis lesions. All values were linearly re-scaled to 

between 0 and 1. Linear regression trend lines are shown as blue lines. Pearson correlation 

coefficients and p values based on Student’s t tests are shown.  
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Figure S6. Inhibition of Cx43 and gap junctions retarded bone colonization, Related to 
Figure 6. 

(A-B) Quantification of firefly luciferase-labeled MCF7 cells with or without coculture of equal 

numbers of osteoblasts under different treatments of siRNAs against Cx43 (siCx43) in MCF7 (A, 

left) and osteoblasts (A, right), or doxycycline (Dox) to induce the expression of DN-Cx43 in 

cancer cells (B). BL signals were measured on day 5 to allow the treatments to take effects, and 

normalized to untreated MCF7 cells without OBs. Error bars = S.D. (n=3-5 technical replicates).  

p value was calculated by LSD test. 

(C) Same as Figure S6A and S6B except that murine breast cancer cell lines 4T1 and 4TO7 

were used instead of human breast cancer cell MCF7.  

(D) Representative IHC staining of BICA samples derived from Figure 6A. Multiple bone 

fragments are shown in the same field. Scale bar, 100 µm. Keratin 8 (K8, brown) was stained to 

distinguish cancer cells. High magnification pictures are shown to highlight Keratin 8 positive 

cancer cells. 

(E) Left: Same as Figure 6A except that murine breast cancer cell 4T1 expressing DN-Ecad or 

DN-Cx43 was used instead of human breast cancer cell MCF7. Right: Result of a parallel 2D 

culture experiment is shown. n=7-8 for each group. Error bars: S.D. p value by Student’s t test. 

(F) Quantification of tumour burdens in BICA in host mice with inducible and conditional KO of 

Cdh2 or Gja1 in osteogenic cells (Osterix+ cells and descendent cells). Conditions are the same 

as Figure 6C except that murine breast cancer cell 4T1 was used instead of human breast 

cancer cell MCF7. n=16 for each group. Error bars: S.D. p value by Student’s t test. 

(G) The effects of CBX (10 µM) on 4T1 cells in BICA. n=7 bone fragments in each group. 

Samples are under corresponding treatment for 1 weeks. p values were determined by 

Student’s t-test. Error bars: S.D.  

(H) Representative IHC staining of bone lesions derived from Figure 6G-I. Scale bar, 100 µm. 

High magnification pictures are shown to highlight Keratin 8 (K8, brown) positive cancer cells. 

(I) IF staining of MeCP2 (green) in shown in bone lesions with or without CBX treatment. Keratin 

8 (K8, red) was also stained to distinguish cancer cells. Single channel, high magnification 

pictures of MeCP2 staining are shown to highlight nuclear localization. Scale bar, 25 µm. 
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Figure S7. BICA-screening identified As2O3 and danusertib as candidate therapies to 
eliminate cancer cells interacting with osteoblasts, Related to Figure 7. 

(A) Pictures and quantification of length from head to tail as a surrogate measurement of 

vertebral curvature caused by the side effect of 30 mg/kg CBX treatment for 4 weeks. n=5 for 

each group. p value was calculated by Student’s t-test. 

(B) Dose–response curves of Kn93 (up) and FK506 (below) on MCF7 cells in BICA or 2D 

cultures. For 2D cultures, six technical replicates were included for each drug concentration. For 

BICA, n=5 bone fragments for each drug concentration. Samples are under corresponding 

treatment for 7 days and measured by BL. p values were determined by repeated measures 

ANOVA tests for the indicated concentration. 

(C) A heat map summarizing the output of first-round testing using JH anti-neoplasm drugs. 

(See Table S1 for detailed information on each group.) MCF7 samples are under corresponding 

treatment for 3 weeks and measured by bioluminescence. Each column represents an 

independent cell culture (2D) or bone fragment (BICA). p values were determined by two-tailed 

unpaired Mann–Whitney U-test.  

(D) Results of the second-round test on Group SC4. Samples are under corresponding 

treatment for 3 weeks and measured by bioluminescence. CTRL, control. p value was 

determined by two-tailed unpaired Mann–Whitney U-test with multiple-test correction. n=6 bone 

fragments in each group.  

(E) Top: The effects of As2O3 on mammary fat pad-injected MCF7 orthotopic tumors. Growth 

curves were measured by in vivo BL imaging. n=5 mice per group. Error bars: S.E.M. Bottom: 

representative BL images. n.s.: not significant based on repeated measures ANOVA test. 

(F) Boxplot shows the body weight change with or without 1.9 mg/kg Arsenic treatment for 8 

weeks. n=9 for each group. No statistical difference was observed. 

(G) A heatmap indicates the effects of As2O3 [100 nM] and Danu [100 nM] on normal tumor-free 

bone fragments derived from luciferase transgenic mice. n=6 for each group. n.s.: not significant 

based on Student’s t tests. 

(H) Sp1 binding to the promoters GJA1, as determined by ChIP assay. qPCR shows diminished 

Sp1 binding on the GJA1 promoter after arsenic (0.2 μM for 7 days) exposure. IgG serves as 

control. Mean values of 3 technical replicates are shown. 



Table S1, Related to Figure 7.  

Group Names of Modulators 

SC1 mercaptopurine 
monohydrate flutamide quinaldine blue sulindac fazarabine  

SC2 amifostine gallium samarium verteporfin tegafur nocodazole 

SC3 anthracene 
0.17% gemcitabine streptozocin alitretinoin cyproterone 

acetate 

etidronatetid
ronate 
disodium 

SC4 arsenic gold tamoxifen uracil bromofos etidronic 
acid 

SC5 carboplatin hydroxyurea temozolomide amsacrine nilutamide raloxifene 

SC6 carmustine letrozole thioguanine cycloheximide polyurethane sodium 
fluoride 

SC7 chlorambucil lomustine thiourea 2.5 
decitabine, 5-
aza-2'-
deoxycytidine 

cyclophospha
mide risedronate 

SC8 cytarabine mechloretha
mine toremifene miltefosine etoposide clodronic 

acid 

SC9 dacarbazine mitotane vinorelbine mitobronitol mercaptopuri
ne glucosamine 

SC10 diethylstilbestro
l dipropionate 

phenanthren
e 0.63% diethylstilbestrol puromycin ancitabine 

hydrochloride  

SC11 

eflornithineflorn
ithine 
hydrochloridefl
ornithine 

procarbazine histamine semustine thiodiglycol  

 
Names and grouping information of the anti-neoplasm drugs used in multiple parallel test on 

BICA. The grouping was performed in the first round of test, whereas individual drugs from most 

effective groups were tested in the second round. 



R2=0.69; p=0.008 (As2O3 * Everolimus)  
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Figure S8. Adjuvant transient As2O3 treatment of reduced latent bone recurrence of ER+ 
breast cancer, Related Figure 8. 

(A) Efficacies of 50 nM Danusertib (Danu, top) or 200 nM As2O3 (bottom) on MCF7 cells in 

BICA with or without overexpression of dominant negative Cx43 (DN-Cx43). Error bars = S.D. 

n=8 for each group. p values were based on LSD tests. 

(B) Efficacies of 50 nM Danusertib (top) or 200 nM As2O3 (bottom) on MCF7 cells in BICA with 

or without overexpression of constitutive active CaMKII (CA-CaMKII). Error bars = S.D. n=12 

(top) or 8 (bottom) for each group. p values were based on LSD tests. 

(C) Top: efficacies of 10 µM CBX on MCF7 cells in BICA with or without overexpression of 

constitutive active CaMKII. Bottom: efficacies of 200 nM As2O3 on MCF7 cells in BICA with or 

without expression of wild-type Cx43 (WT-Cx43). Error bars = S.D. n=10 for each group. p 

values were based on LSD tests. 

(D) Dose–response curves of As2O3 on MCF7 cells (left) and C4-2 cells (right) in BICA with or 

without overexpression of constitutive active CaMKII. Six biological replicates were included for 

each drug concentration. Cmax: plasma maximum concentration. BL intensity was measured on 

Week 2-3. n=6 (left) or 5 (right) for each dot. p values were determined by repeated measures 

ANOVA tests for the indicated concentration. Error bars = S.E.M. 

 (E) A heat map summarizing the output of combined treatment of As2O3 and everolimus at 

different concentration and combination in BICA. MCF7 samples are under corresponding 

treatment for 3 weeks and measured by bioluminescence. n=6 for each condition. The P and R 

values are determined by Between-Subjects Effects test, indicating that combined therapy 

shows advantage over single drug treatment.  

 (F) A heat map showing the toxicity conferred by 100 nM As2O3 and 10 nM Everolimus on 

luciferase-labelled cancer-free bone tissues in BICA. n=8 for each group. p values were 

determined by one-way ANOVA test. 

(G) Bar graphs show the quantification of bone mineral density change under different treatment. 

n=4 samples picked for each group. p value was calculated by Bonferroni-Holm Posthoc test. *: 

Significant difference. Error bars = S.D. 

n.s.: not significant  
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