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1. Introduction

In this project we aim to overcome the challenge of eliminating microscopic metastases of breast cancer,
so that distant recurrences and related deaths can be significantly reduced in the foreseeable future. We will
focus on bone micrometastases (BMM), which are precursors of overt bone metastases and possibly other
metastases. In particular, we will delineate how breast cancer cells, when isolated in small quantity in a foreign
milieu, react to therapies differently compared to the original primary tumor. We have designed and will
continue to optimize various pre-clinical models to investigate the microenvironmental effects on BMM. These
models will enable medium-throughput drug discovery/repositioning to expedite the elimination of breast
cancer cells in the context of bone. The methodology may also be applied to metastases in other sites.

In the clinic, primary breast tumors are usually surgically removed soon after diagnosis, often leaving
patients “tumor-free”. However, 20-40% of breast cancer survivors will eventually suffer metastasis to distant
organs, sometimes years after surgeries. Thus, the life-threatening enemy is typically not the bulk of primary
tumors, but the dispersed metastatic seeds left behind, which have already disseminated to distant organs, may
be temporarily dormant, and may resume aggressive outgrowth under certain yet-to-be-identified conditions.
Current adjuvant therapies intend to eliminate these cells. However, the therapeutic decisions and strategies are
usually based upon pathological features of primary tumors. Micrometastases are likely to differ from their
parental primary tumors due to Darwinian selection and/or adaptation in a different milieu. In either case, the
microenvironment in distant organs plays a critical role in driving the selection and/or in shaping the adaptive
reaction of cancer cells. It is our vision that a critical barrier in curing breast cancer is the lack of knowledge
about micrometastases and their microenvironment niches. Specifically, the key questions are the nature of the
supporting pathways uniquely induced by cancer-niche interaction, and the mechanisms responsible for
differential therapeutic responses as compared to parental primary tumors. To overcome this barrier, I propose
to establish a series of pre-clinical models that recapitulate the cellular nature of micrometastases, mimic their
habitat and allow expedited testing of their drug responses.

Three specific aims will be pursued. 1. To assess the differential responses of BMM to adjuvant
therapies as compared to their parental tumors in the mammary gland, and dissect if and how such differences
are attributable to the interaction with the microenvironment niche. 2. To establish the bone-in-culture array
(BICA) platform, which aims to faithfully recapitulate the molecular profile, cell-biological behaviors,
microenvironment niche, and therapeutic responses of BMM in vivo, and is amenable to medium-to-high
throughput drug discovery/screening. 3. To identify and mechanistically investigate therapies against BMM by
analyzing the omics data obtained from previous goals, and by screening pre-established libraries of FDA-
approved drugs or small molecule inhibitors (SMIs).

2. Keywords:
Metastasis, microenvironment, drug discovery, therapeutic resistance, micrometastases, endocrine resistance

3. Accomplishment

All tasks have been accomplished within the grant period. Detailed results can be found in previous
reports. In this final report, I would like to summarize the key findings made in the past five years under
the support of this Era of Hope Award. In particular, bone molecular mechanisms and the corresponding
therapeutic insights are tabulated. I am confident to say that this body of work has brought significant
breakthroughs to breast cancer research. I am sincerely grateful for the support from DoD BCRP.
Future investigations will continue to push the findings here to the clinic and hopefully lead to practice-
changing advances.

Major Task 1 : Differential drug responses of bone micrometastases (BMM) as compared to the parental
orthotopic tumors

Subtask 1: Tumor burden measurement (Month 1-24). We expect to use five PDXs (2 ER+, 1 Her2+ and 2
triple negative) and five cell lines (the same subtype distribution). The total # of models will be 10. Each model
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will need 55 mice. PDXs will be transplanted into SCID/Beige mice and cell lines will be transplanted into
Athymic nu/nu mice. These mice will be divided into treated and untreated. Treatments: tamoxifen, fulvestrant,
ovariectomy, and lapatinib. Measurement: Weekly bioluminescence imaging and tumor volume measurement.
Some mice will be euthanized at intermediate time points for Subtasks 2 and 3 below.

This subtask has been accomplished, as reported in previous years.

Subtask 2: Immunofluorescence staining to quantitate proliferation (e.g., Ki67+), survival (e.g., CC3) and self
renewal (e.g., retention of H2B-GFP) (Month 1-18).
This subtask has been accomplished, as reported in previous years.

Major Task 2: Test if the abolishment of cancer-niche interaction in conditional N-cadherin KO mice
reverses the therapeutic responses of BMM.

Subtask 1: Mouse breeding to generate animals with various genetic background (including immunodeficiency).
We will breed TetO-Osx-cre-GFP with Cdh2"" mice both purchased from Jackson Laboratories (Stock No:
006361 and 007611, respectively) to generate offsprings with both genetic alterations. The mice will also be
crossed with Ragl-/- mice (Stock No: 002216) to generate immunodeficiency for human cancer cell
transplantation. (Month 1-24).

This subtask has been accomplished, as reported in previous years.

Subtask 2: Repeat experiments in Major Task 1 in the conditional N-cadherin KO models, and Test if the
abolishment of cancer-niche interaction in conditional N-cadherin KO mice reverses the therapeutic responses
of BMM. TetO-Osx-cre-GFP; Cdh2"" mice and TetO-Osx-cre-GFP; Cdh2f/f; Ragl-/- mice and their littermate
female mice lacking Osx-Cre will be subjected to experiments as in Task #1. About 700 mice will be bred at
this stage. Except that a few male mice carrying the wanted phenotype will be kept for strain maintaining, most
male mice (estimated to be 340) will be euthanized right after genotyping. (Month 24-36)

This subtask has been accomplished, as reported in previous years.
Major Task 3: To establish and validate BICA

Subtask 1 : Characterize the cell-biological features of cancer cells in BICA (e.g., proliferation, self-renewal,
and survival). We expect to use five PDXs (2 ER+, 1 Her2+ and 2 triple negative) and five cell lines (the same
subtype distribution). The total # of models will be 10. Each model will need 20 mice. PDXs will be
transplanted into SCID/Beige mice and cell lines will be transplanted into Athymic nu/nu mice. (Month 1-18)

This subtask has been finished, and results were updated in previous reports.

Subtask 2: To characterize the microenvironment niche in BICA using different subtypes of cancer models.
This will be achieved by immunohistochemical and immunofluorescence staining of the following markers:
ALP, Col-I, CTSK, Osterix, Runx2, CD31, NG2, and SOX9. The same numbers and PDXs and cell lines will
be used as specified in Subtask 1 above. (Month 1-24).

This subtask has been finished, and results were updated in previous reports.

Subtask 3: To perform RNA-seq of cancer cells in BICA, and compared the profiles to cancer cells in intact
bones and in mammary glands. For this task we will use 2 PDX (1 ER+ and 1 Her2+) and 2 cell lines (IER+
and 1 Her2+). Each will be injected into 25 animals (5 for orthotopic tumors, 10 for intact bone metastases, and
10 for BICA). (Month 18-36)

This subtask has been finished, and results were updated in previous reports.

Subtask 4: To determine the therapeutic responses of cancer cells in BICA as compared to those of BMM in
vivo and cancer cells in culture. We expect to use five PDXs (2 ER+, 1 Her2+ and 2 triple negative) and five
cell lines (the same subtype distribution). The total # of models will be 10. Each model will need 50 mice.
PDXs will be transplanted into SCID/Beige mice and cell lines will be transplanted into Athymic nu/nu mice.
(Month 30-48)



This subtask has been accomplished, as reported in previous years.

Major Task 4: Analyze the RNA-seq data obtained from Specific Aim 1 to identify and validate candidate
pathway/genes that can be targeted to eliminate BMMs

Subtask 1: Bioinformatics analyses to identify candidate pathways/genes. (Month 1-36)
This subtask has been accomplished, and several new findings have been made as reported before.
Subtask 2: Select candidates for functional validation in vivo and in BICA. (Month 36-60)

This effort has started and generated promising outcome. Representative results are shown in previous reports.
We have summarized in Table 1 below.

Major Task 5: Screening of small SMI libraries to identify FDA-approved drugs or new compounds that
can eliminate BMM.

Subtask 1: Screening using BICA. We will use one ER+ PDX and one ER+ cell lines. Each model will be
applied to 100 mice. This will generate approximately 5000 bone fragments, and can be used for screening of
small drug libraries described in the proposal. Four libraries and BICA-screening will be performed. (Month 24-
36)

This subtask has been accomplished, as reported in previous years.

Subtask 2: Identify and validate the efficacies of top candidates on BMM. We will use the same models as
subtask 1. (Month 30-36)

This subtask has been accomplished and reported last year.

Subtask 3: Optimize and modify the compounds to achieve higher efficiency. We will use the same models as
subtask 1. (Month 36-48)

This subtask has been accomplished, as reported in previous years.

Subtask 4: In-depth mechanistic studies of the validated compounds. We will perform RNAseq on BMM in
vivo to delineate pathways affected by the compounds. We will then identify key genes that may mediate the
compounds’ effects. Genetic depletion will then be performed to perturb these genes. The models are the same
as subtask 1. (Month 36-60)

We have made significant progress and uncovered several intriguing mechanisms underlying cancer-bone
interactions and therapeutic resistance of bone metastases. These mechanisms have been reported in previous
reports and have been summarized in Table 1 below.

Table 1. Summary of key findings made within the grant period.

Year | Major mechanistic findings | Molecular targets | Therapeutic agents tested and References
results
2015 | Bone micrometastases form | E-cadherin (cancer) | Anti-E-cadherin — delay bone (1)
- heterotypic adherens colonization in vivo
2021 | junctions with the osteogenic
niche cells, which activates N-cadherin Anti-N-cadherin — impair cancer
the mTOR pathway in cancer | (osteogenic cells) cell growth in co-culture with
cells. bone cells (N-cadherin KO in
vivo inhibits bone colonization)
mTOR pathway mTOR inhibitors, rapamycin and
(cancer) Torin 1, inhibit bone metastasis in
Vivo.




2016- | Bone micrometastases form | Cx43 (cancer and Carbenoxolone and mefloquine (2,3)
2020 | gap junctions with the osteogenic cells) inhibit bone metastasis in vivo.
ost§ogen1c niche ¢ ells, which Arsenic trioxide inhibits
activates the calcium . .
. expression of Cx43 in cancer
pathway in cancer cells. cells
2015- | Bone-in-culture array Aurora kinase Aurora kinase inhibitor, 4)
2017 | (BICA) identified multiple danusertib, impedes bone
potential targets that metastasis in BICA and in vivo.
selecilhvgtlybmedllaie tumor Arsenic trioxide inhibits cancer
growth in bone-fike cell growth in BICA.
microenvironment.
2016- | The bone microenvironment | EZH2 An EZH2 inhibitor, EPZ011989, | (5)
2021 | increases phenotypic reversed endocrine resistance and
plasticity of ER+ breast synergizes with fulvestrant in
cancer cells and induces treating ER+ bone metastasis.
endocrine resistance through - FEAER The FGFR inhibitor BGJ398
epigenomic freprogramming counteract endocrine resistance
induced by osteogenic cells in
vitro and in BICA.
2016- | The bone microenvironment | EZH2 The EZH2 inhibitor, EPZ011989, | (6)
2021 | invigorates metastatic seeds blocked cancer stemness induced
for further dissemination by the bone microenvironment.
2018- | The bone microenvironment | Her2 Bisphosphonate-conjugated (7)
2021 | induces expression of Her2 trastusumab suppresses bone

in Her2- models and confer
opportunities to target Her2
by bisphosphonate-
conjugated trastusumab.

colonization of both Her2+ and
Her2- cancer cells.

In addition to primary researches listed above, we have also published several reviews on related topics in first-
rate journals, which are listed below.

1.

Roberts L. Satcher and Xiang H.-F. Zhang. Evolving cancer-niche interactions during bone metastasis
progression and therapies. Nature Review Cancer. DOI: 10.1038/s41568-021-00406-5.

Muscarella AM, Aguirre S, Hao X, Waldvogel SM, Xiang H.-F. Zhang. Exploiting bone niches:
progression of disseminated tumor cells to metastasis. Journal of Clinical Investigation 2021 Mar
15;131(6):e143764. doi: 10.1172/JC1143764.

Wang H and Xiang H.-F. Zhang. (2020) “Molecules in the blood of older people promote Cancer
Spread.” Nature. 585(7824):187-188. doi: 10.1038/d41586-020-02381-7.

Wang H, Zhang W, Bado I, Xiang H.-F. Zhang. (2020) “Bone Tropism in Cancer Metastases.” Cold
Spring Harb Perspect Med. a036848. doi: 10.1101/cshperspect.a036848. PMID: 31615871

Bado I, Xiang H.-F. Zhang. (2020) “Senesce to Survive: YAP-Mediated Dormancy Escapes
EGFR/MEK Inhibition.” Cancer Cell, 13;37(1):1-2. doi: 10.1016/j.ccell.2019.12.008.




6. GaoY, Bado I, Wang H, Zhang W, Rosen JM, and Xiang H.-F. Zhang. (2019). “Metastasis
Organotropism: Redefining the Congenial Soil.” Dev Cell, 2019, 49(3):375-391. PMID: 31063756
PMCID: PMC6506189

7. Zhang W, Lo HC, Bado I, Wang H, and Xiang H.-F. Zhang. (2019) Bone metastasis: find your niche
and fit in. Trends in Cancer. 5(2):95-110.

4. Impact

The proposed research is innovative and distinctive in the field of breast cancer research for the following
reasons. First, to date few experimental models can be used to test the therapeutic responses of BMM. The vast
majority of pre-clinical research has been done using orthotopic tumor models, despite the fact that
micrometastases are the major targets of adjuvant therapies. We have established unique in vivo and ex vivo
models to fill this gap. We will use these models to elucidate how different subtypes of breast cancer respond to
their respective adjuvant therapies as microscopic lesions embedded in the bone, a significant step toward full
recapitulation of clinical scenarios. Second, BICA combines the complexity of bone microenvironment and the
scalability of in vitro culturing. Compared to previous “tissue-in-culture” approaches, bone-in-culture represents
a better mimicry of the counterpart organ because BMM are tightly integrated into the osteogenic niche and are
difficult to be dissociated from the bone tissue. As a result, the cancer-niche crosstalk is preserved after tissue
fragmentation. Thus, BICA provides distinctive opportunities to rapidly assay hundreds of compounds and
reveal novel treatments of BMM. Third, the proposed research assembles a number of experts with different
expertise including the-state-of-art breast cancer PDX models (Lewis), single/few cell RNA-seq (Zong), and
drug design and synthesis (Song). This is expected to generate significant synergy.

The research outcomes from the first four grant years include the discovery of novel mechanisms underlying
cancer-bone interactions and identification of potential novel therapies that may help eliminate bone
micrometastases and prevent overt recurrences.

5. Changes/Problems

The Covid 19 pandemic has significantly impacted our ability to access lab and animal facilities. However, we
have still made significant progress.

6. Products
Publications:

8. Tian Z#, Wu L#, Yu C, Chen Y, Xu Z, Bado IL, Loredo A, Wang L, Wang H, Wu K-L, Zhang W,
Xiang H-F Zhang*, Xiao H* (2021) Harnessing the power of antibodies to fight bone metastasis.
Science Advances, 7 (26), eabf2051 (# indicates equal first-authorship, * indicates co-senior authors).

9. Bado IL, Zhang W, Hu J, Xu Z, Wang H, Sarkar, Li L, Wan Y-W, Liu J, Wu W, Lo H-C, Kim IS, Singh
S, Janghorban M, Muscarella AM, Goldstein A, Singh P, Jeong H-H, Liu C, Schiff R, Huang S, Ellis
MJ, Gaber MW, Gugala Z, Liu Z, Xiang H.-F. Zhang (2021) Impact of the bone microenvironment on
phenotypic plasticity of ER+ breast cancer cells. Developmental Cell, 56(8):1100-1117.

10. Zhang W, Bado IL, Hu J, Wang Y-W, Wu L, Wang H, Gao Y, Jeong H-H, Xu Z, Hao X, Lege BM, Al-
Ouran R, Li L, LiJ, Yu L, Singh S, Lo H-C, Niu M, Liu J, Jiang W, Li Y, Wong STC, Cheng C, Liu Z,
and Xiang H.-F. Zhang (2021). The bone microenvironment invigorates metastatic seeds for further
dissemination. Cell, 184(9):2471-2486.

11. Roberts L. Satcher and Xiang H.-F. Zhang. Evolving cancer-niche interactions during bone metastasis
progression and therapies. Nature Review Cancer. DOI: 10.1038/s41568-021-00406-5.
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SUMMARY

Metastasis has been considered as the terminal step of tumor progression. However, recent genomic studies
suggest that many metastases are initiated by further spread of other metastases. Nevertheless, the corre-
sponding pre-clinical models are lacking, and underlying mechanisms are elusive. Using several approaches,
including parabiosis and an evolving barcode system, we demonstrated that the bone microenvironment
facilitates breast and prostate cancer cells to further metastasize and establish multi-organ secondary me-
tastases. We uncovered that this metastasis-promoting effect is driven by epigenetic reprogramming that
confers stem cell-like properties on cancer cells disseminated from bone lesions. Furthermore, we discov-
ered that enhanced EZH2 activity mediates the increased stemness and metastasis capacity. The same
findings also apply to single cell-derived populations, indicating mechanisms distinct from clonal selection.
Taken together, our work revealed an unappreciated role of the bone microenvironment in metastasis
evolution and elucidated an epigenomic reprogramming process driving terminal-stage, multi-organ

metastases.

INTRODUCTION

Metastasis to distant organs is the major cause of cancer-related
deaths. Bone is the most frequent destination of metastasis in
breast cancer and prostate cancer (Gundem et al., 2015; Ken-
necke et al.,, 2010; Smid et al., 2008). In the advanced stage,
bone metastasis is driven by the paracrine crosstalk among can-
cer cells, osteoblasts, and osteoclasts, which together consti-
tute an osteolytic vicious cycle (Esposito et al., 2018; Kang
et al., 2003; Kingsley et al., 2007; Weilbaecher et al., 2011). Spe-
cifically, cancer cells secrete molecules such as PTHrP, which
act on osteoblasts to modulate the expression of genes
including RANKL and OPG (Boyce et al., 1999; Juarez and Guise,
2011). The alterations of these factors, in turn, boost osteoclast

maturation and accelerate bone resorption. Many growth factors
(e.g., IGF1) deposited in the bone matrix are then released and
reciprocally stimulate tumor growth. This knowledge laid the
foundation for clinical management of bone metastases (Cole-
man et al., 2008).

The urgency of bone metastasis research is somewhat contro-
versial. It has long been noticed that, at the terminal stage, breast
cancer patients usually die of metastases in multiple organs. In
fact, compared to metastases in other organs, bone metastases
are relatively easier to manage. Patients with the skeleton as the
only site of metastasis usually have better prognosis than those
with visceral organs affected (Coleman and Rubens, 1987; Cole-
man et al., 1998). These facts argue that perhaps metastases in
more vital organs should be prioritized in research. However,
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metastases usually do not occur synchronously. In 45% of met-
astatic breast cancer cases, bone is the first organ that shows
signs of metastasis, much more frequently compared to the
lungs (19%), liver (5%), and brain (2%) (Coleman and Rubens,
1987). More importantly, in more than two-thirds of cases,
metastases will not be limited to the skeleton, but rather subse-
quently occur to other organs and eventually cause death (Cole-
man, 2006; Coleman and Rubens, 1987; Coleman et al., 1998).
This raises the possibility of secondary dissemination from the
initial bone lesions to other sites. Indeed, recent genomic ana-
lyses concluded that the majority of metastases result from
seeding from other metastases, rather than primary tumors
(Brown et al., 2017; Gundem et al., 2015; Ullah et al., 2018).
Thus, it is imperative to investigate further metastatic seeding
from bone lesions, as it might lead to prevention of the terminal
stage, multi-organ metastases that ultimately cause the vast ma-
jority of deaths.

Despite its potential clinical relevance, little is known about
metastasis-to-metastasis seeding. Current preclinical models
focus on seeding from primary tumors but cannot distinguish be-
tween additional sites of dissemination. We have recently devel-
oped an approach, termed intra-iliac artery injection (l1A), that
selectively deliver cancer cells to hind limb bones via the external
iliac artery (Wang et al., 2015, 2018; Yu et al., 2016). Although it
skips the early steps of the metastasis cascade, it focuses on the
initial seeding of tumor cells in the hind limbs, and allows the
tracking of secondary metastases from bone to other organs.
It is therefore a suitable model to investigate the clinical and bio-
logical roles played by bone lesions in multi-organ metastasis-
to-metastasis seeding.

RESULTS

Temporally lagged multi-organ metastases in mice
carrying llIA-introduced bone lesions of breast and
prostate cancers

IIA injection has been employed to investigate early-stage bone
colonization. Both aggressive (e.g., MDA-MB-231) and relatively
indolent (e.g., MCF7) breast cancer cells can colonize bones
albeit following different kinetics. In both cases, cancer cell dis-
tribution is highly bone-specific at early time points, allowing us
to dissect cancer-bone interactions without the confounding ef-
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fects of tumor burden in other organs (Figure 1A) (Wang et al.,
2015, 2018). However, as bone lesions progress, metastases,
as indicated by bioluminescence signals, begin to appear in
other organs, including additional bones, lung, liver, kidney,
and brain, usually 4-8 weeks after llIA injection of MDA-MB-
231 cells (Figure 1B). Bioluminescence imaging provides
sufficient sensitivity to detect metastases (Deroose et al,
2007). However, many factors such as lesion depth and optical
properties of tissues may influence signal penetration. Thus,
we used a number of other approaches to validate the presence
of metastases in multiple types of tissues. These include positron
emission tomography (PET) (Figure 1C), micro computed tomog-
raphy (uCT) (Figures 1C and S1A), whole-tissue two-photon
imaging (Figure S1B), immunofluorescence staining (Figure 1D
and 1E), and histological staining (H&E) (Figure S1C). Compared
to bioluminescence imaging, these approaches provided inde-
pendent evidence, but are either less sensitive or non-quantita-
tive (Deroose et al., 2007) (Figure S1A). Therefore, we also used
quantitative PCR (gqPCR) to detect human-specific DNA in
dissected mouse tissues and confirmed that gPCR results and
bioluminescence signal intensity values are highly correlative
(Figures S1D and S1E). Of note, the spectrum of metastases
covers multiple other bones (Figure 1D) and soft-tissue organs
(Figure 1E). Taken together, our data support occurrence of
multi-organ metastases in animals with IlA-introduced bone
lesions.

This phenomenon is not specific for the highly invasive MDA-
MB-231 cells, but was also observed in more indolent MCF7
cells and PC3 prostate cancer cells, as well as murine mammary
carcinoma AT-3 cells in immunocompetent mice, albeit after a
longer lag period for PC3 cells (8-12 weeks) (Figures 1F-1H
and S1F).

As an independent approach to introduce bone lesions, we
used intra-femoral (IF) injection that delivers cancer cells directly
to bone marrow, bypassing the artery circulation involved in lIA
injection. This approach also resulted in multi-organ metastases
at late time points in both MDA-MB-231 and AT-3 models (Fig-
ures 1land S1G). The frequency and distribution patterns of me-
tastases were similar between intra-femoral and IIA injection
models (Figures 1J and 1K). Thus, we hypothesize cancer cells
in the bone microenvironment may gain capacity to further
metastasize.

Figure 1. Multi-organ metastases in mice with bone lesions

(A) Diagram of intra-iliac artery (IIA) injection and representative bioluminescent images (BLI) showing the in vivo distribution of tumor cells after 1A injection of 1E5
MDA-MB-231 fLuc-mRFP cells.

(B and C) Representative ex vivo BLI images (B) and PET-uCT (C) on hindlimb and other tissues of the same animal with MDA-MB-231 cells inoculated in the right
hindlimb after 8 weeks. R.H, right hindlimb; Lu, lung; L.H, left hindlimb; Li, liver; Ki, kidney; Sp, spleen; Br, brain; Ve, vertebrae; F.L, forelimbs; Ri, ribs; St, sternum;
Cr, cranium.

(D and E) Representative immunofluorescent images of tumor lesions in various bones (D) and other organs (E). To obtain complete views of entire organs, smaller
fields were acquired in tiles by mosaic scanning and then stitched by Zen. Scale bar, 20 um.

(F-H) Representative BLI images of animals and tissues after IIA injection of 2E5 prostate cancer cells PC3 (F), 1E5 ER* breast cancer cells MCF7 (G), and 1E5
murine mammary carcinoma cells AT-3 (H) at the indicated time.

(1) Diagram of intra-femoral injection (IF) (left) and representative ex vivo BLI images of tissues from animals received 1E5 MDA-MB-231 cells (middle) or AT-3 cells
(right) via IF injection.

(J and K) Heatmap of ex vivo BLI intensity and status of metastatic involvement on various types of tissues from animals carried MDA-MB-231 (J) and AT-3 (K)
bone tumors. Columns, individual animal; rows, various tissues or status of multi-site metastases; Gray, no detectable lesion. n (# of mice): MDA-MB-231, 16 (I1A),
11 (IF); AT-3, 10 (llA), 10 (IF). p values were assessed by Fisher’s exact test on the ratio of metastasis while by Mann-Whitney test on the tumor burden.

See also Figure S1.
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Bone lesions more readily give rise to multi-organ
metastasis

The later-appearing multi-organ metastases may result from
further dissemination of cancer cells in the initial bone lesions.
Alternatively, they could also arise from cancer cells that leaked
and escaped from bone capillaries during llA or IF injection. In
the latter case, the leaked cancer cells would enter the iliac
vein and subsequently arrive in the lung capillaries. Indeed, there
did appear to be bioluminescence signals in the lungs upon IIA
injection (Figure 1A). To distinguish these probabilities, we per-
formed intra-iliac vein (V) injection and compared the results
to those of IlIA injection at late time points. The IIV injection pro-
cedure should mimic the “leakage” from IIA injection, although
this would allow many more cells to enter the venous system
and be arrested in the lung capillaries (Figures 2A and S2A-
S2C, compared to Figure 1A). As another relevant comparison,
we also examined metastasis from orthotopic tumors trans-
planted into mammary fat pad (MFP) (Figures 2B, S2A, S2B,
and S2D). Furthermore, in the case of ER" cells, recent studies
suggest that intra-ductal injection provides a more “luminal”
microenvironment and may promote spontaneous metastasis
to other organs (Sflomos et al., 2016). As a result, specifically
for MCF7 cells, the only ER* cancer model used in our study,
we also included mouse intra-ductal (MIND) injection as an addi-
tional model. In all experiments, we used total bioluminescence
signal intensity to evaluate tumor burdens at hind limbs (IIA and
IF), lungs (IIV), and mammary fat pads (MFP and MIND), respec-
tively. We attempted to assess multi-organ metastasis when the
“primary lesions” reach a comparable level of bioluminescent in-
tensity, simply to rule out the source tumor burden as a con-
founding factor in our comparisons. This was feasible for some
models such as mammary tumors and bone lesions derived
from MCF7 (Figure S2E). However, in other models, mammary
tumors tend to grow much faster compared to lesions growing
in other sites (Figures S2F and S2G). Therefore, we chose to
end experiments at the same time point for all conditions. In all
experiments, multi-organ metastases were examined well
before animals became moribund. Taken together, we asked if
secondary metastasis from bone lesions follows a faster kinetics
and reaches a wider spectrum of target organs as compared to
that from orthotopic tumors or lungs.

Strikingly, the answer to this question is evidently positive in all
three tumor models examined (Figures 2C-2H). We assessed 11
organs including six other bones and five soft tissue organs for
metastasis. Curiously, in many cases, counter-lateral hind limbs
(designated as “L.Hindlimb” for “left hind limb” as the initial
bone lesions were introduced to the right hind limb) are most
frequently affected among all organs in IIA models. Lungs are
also frequently affected in MDA-MB-231 and AT-3 models, by
metastasis from both bone lesions and orthotopic tumors. How-
ever, itis striking to note that lung metastasis in [IA and IF models
is comparable or even more severe as compared to that in IIV
models, despite the fact that 1IV injection delivers more cancer
cells directly to lungs (Figure S2H). In fact, the normalized in-
crease of tumor burden at lungs through IlIA and IF are at least
10-fold more than that through IIV injection (e.g., Figure S2H),
which strongly argue that bone microenvironment promotes
secondary metastasis.
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Cross-seeding of cancer cells from bone lesions to
orthotopic tumors

Cancer cells may enter circulation and seed other tumor lesions
or re-seed the original tumors (Kim et al., 2009). By using MDA-
MB-231 cells tagged with different fluorescent proteins, we
asked if bone lesions can cross-seed mammary tumors (Fig-
ure 3A). Interestingly, we observed that although orthotopic
tumors can be readily seeded by cells derived from bone lesions,
the reverse seeding rarely occurs (Figures 3B and 3C). This dif-
ference again highlights the enhanced metastatic aggressive-
ness of cancer cells in the bone microenvironment.

Parabiosis models support enhanced capacity of cancer
cells to metastasize from bone to other organs

It is possible that IlA injection disturbs bone marrow and stimu-
lates systemic effects that allow multi-organ metastases. For
example, the injection might cause a transient efflux of bone
marrow cells that can arrive at the distant organ to form pre-met-
astatic niche. To test this possibility, we used parabiosis to fuse
the circulation between a bone lesion-carrying mouse (donor)
and tumor-free mouse (recipient) 1 week after IIA injection. In
parallel, we also performed parabiosis on donors that have
received MFP injection and tumor-free recipients (Figure 3D).
After 7 weeks, surgical separation was performed to allow time
for metastasis development in the recipients. Subsequently,
the organs of originally tumor-free recipients were collected
and examined for metastases 4 months later. Only ~20% of
recipients in the IIA group were found to harbor cancer cells in
various organs (Figures 3E and 3F), mostly as microscopic
disseminated tumor cells (Figure 3G), indicating that the
fusion of circulation system is not efficient for metastatic seeds
to cross over from donor to recipient. However, in the MFP com-
parison group, no metastatic cells were detected (Figures 3F,
S3A, and S3B), and the difference is statistically significant.
Therefore, the parabiosis data also support the hypothesis that
the bone microenvironment invigorates further metastasis, and
this effect is unlikely to be due to lIA injection-related systemic
influence.

An evolving barcode system revealed the phylogenetic
relationships between initial bone lesions and
secondary metastases
Barcoding has become widely used to elucidate clonal evolution
in tumor progression and therapies. An evolving barcoding sys-
tem has recently been invented for multiple parallel lineage
tracing (Kalhor et al., 2017, 2018). It is based on CRISPR/Cas9
system but utilizes guide RNAs that are adjacent to specific pro-
tospacer adjacent motif (PAM) in their genomic locus, thereby
allowing Cas9 to mutate its own guide RNAs. These variant guide
RNAs are named homing guide RNAs (hgRNAs). When Cas9 is
inducibly expressed, hgRNA sequences will randomly drift,
serving as evolving barcodes (Figure 4A). A preliminary in vitro
experiment demonstrated that the diversity of barcodes
(measured as Shannon entropy) is a function of duration of
Cas9 expression (Figures 4B and S4A).

We introduced this system into MDA-MB-231 and AT-3 cells,
and transplanted them into mammary fat pads of nude and wild-
type C57BL/6 mice, respectively. When orthotopic tumors
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Figure 2. Bone microenvironment promotes further metastasis

(A) Diagram of intra-iliac vein (IIV) injection and representative BLI images of animals and tissues 8 weeks after IV injection of 1E5 MDA-MB-231 cells.

(B) Diagram of mammary fat pad (MFP) implantation and representative BLI images of animals and tissues 8 weeks after MFP implantation of 1E5 MDA-MB-
231 cells.

(C and D) Comparison of metastatic pattern and tumor burden (C) and the ratio of multi-site metastasis (D) in animals with bone (IIA/IF), lung (IIV) or mammary
(MFP) tumors of MDA-MB-231 cells. n (# of mice) = 27 (bone); 18 (MFP); 10 (lung).

(E and F) Comparison of metastatic pattern and tumor burden (E) and the ratio of multi-site metastasis (F) in animals with bone (IIA/IF), lung (IIV) or mammary (MFP)
tumors of AT-3 cells. n (# of mice) = 20 (bone); 11 (MFP); 9 (lung).

(G and H) Comparison of metastatic pattern and tumor burden (G) and the ratio of multi-site metastasis (H) in animals with bone (I1A), lung (IIV) or mammary (MFP
or MIND) tumors of MCF7 cells. n (# of mice) = 8 (bone); 10 (MFP); 13 (MIND); 9 (lung).

p values were assessed by y? test in (C)~(H) on the ratio of metastasis; by uncorrected Dunn’s test following Kruskal-Wallis test in (C), (E), and (H) on the tumor
burden.

See also Figure S2.
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Figure 3. Cross-seeding and parabiosis experiments support the promoting effects of bone microenvironment on further dissemination
(A) Experimental design of cross-seeding experiment between mammary and bone tumors of mRFP or EGFP tagged MDA-MB-231 cells. Upper: mRFP (lIA),

EGFP (MFP). Lower: EGFP (IIA), mRFP (MFP).

(B) Representative confocal images showing the cross-seeding between bone and mammary tumors. Scale bar, 20 um. n (# of mice) = 5 for each arm.

(C) Incidence of cross-seeding between bone and mammary tumors.

(D) Experimental design of parabiosis models to compare the metastatic capacity of bone and mammary tumors. n (# of mice) = 17 (BoM); 19 (MFP).

(E) Representative BLI images of metastatic lesions in recipient mice parabiotic with mice bearing bone metastases.

(F) Ratio of recipients with metastasis in bone and mammary tumor groups, as determined by BLI imaging.

(G) Representative immunofluorescent images on tissues from recipients of bone tumor group. To obtain complete views of entire organs, smaller fields were
acquired in tiles by mosaic scanning and then stitched by Zen. Scale bar, 20 um. Tissues from 6 animals were examined.

p values were assessed by Fisher’s exact test in (C) and (F).
See also Figure S3.

reach 1 cm?®, we resected the tumors and induced Cas9 by doxy-
cycline. It should be noted that the orthotopic tumors already
harbored a high diversity of mutant barcodes presumably due
to leakage of Cas9 expression. This served as an initial barcode
repertoire that enabled us to distinguish distinct clones that
metastasize from orthotopic tumors to various organs. Further
Cas9 expression yielded new mutations for delineation of
parent-child relationship among lesions (Figure 4C). We ratio-
nalize that the diversity of barcodes, or the Shannon entropy,

6 Cell 184, 1-16, April 29, 2021

in a metastasis should reflect the “age” of metastasis. When
secondary metastasis occurs, child metastases will inherit only
a subset of barcodes causing a reduction of Shannon entropy.
Therefore, among genetically related metastases indicated by
sharing common mutant barcodes, those with higher Shannon
entropy are more likely to be parental (Figure 4C). This can be
supported by the observation that primary bone lesions possess
higher entropy than those secondary metastases in IIA model
(Figure S4B).
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Figure 4. In vivo barcoding of spontaneous metastases with hgRNAs

(A) Principle of the evolving barcode system comprised of hgRNAs and inducible Crispr-Cas9.

(B) Ratio of unmutated barcode and Shannon entropy in MDA-MB-231 cells upon multiple rounds of doxycycline treatment in vitro.

(C) Schematics showing the rationale of using evolving barcodes to infer the evolution of metastatic lesions and the timing of seeding events. Barcode diversity
decreases during the seeding process. Children metastases inherit a subset of signature barcodes from parental tumors. Upon Cas9 activation, barcodes start
evolving and regain diversity. Diversity of barcodes can therefore infer the relative timing of seeding, and phylogenetically related metastases share a subset of
signature barcodes.

(D and E) Design of in vivo barcoding experiment (D) and representative BLI images (E) of metastatic lesions from MDA-MB-231 tumors.

(F) Feature matrix of mutation events in MDA-MB-231 metastatic samples.

See also Figure S4 and Table S1.
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We isolated 29, 32, 9, and 17 metastases from two mice
bearing MDA-MB-231 and two mice bearing AT3 tumors,
respectively (Figures 4D, 4E, and S4C; Table S1). Sequencing
of the barcodes carried by these metastases in combination of
the analysis of the timing of seeding as indicated by the Shan-
non entropy of barcodes led to profound findings. First, in line
with a previous study (Echeverria et al., 2018), multi-organ
metastases are not genetically grouped according to sites of
metastases at the terminal stage (Figures 4F and S4D).
Nonnegative matrix factorization (NMF) analysis of mutant
barcodes suggested the early disseminated metastases,
which have the highest level of Shannon entropy, were
featured with a common cluster of mutant barcodes irrespec-
tive of their locations, especially in AT-3 models (Figures 5A-
5C and S5A-S5C). This is evidence against organotropism in
the late stage of metastatic progression in mouse models.
Second, most metastases are potentially multiclonal as indi-
cated by multiple clusters of independent mutant barcodes
(Figures 5C and S5C). Third, putative parent-child relationship
between metastases with unique mutant barcodes clearly
exemplified secondary metastatic seeding from bone to other
distant sites (Figures 5D and S5D) in both models. Finally, we
did not observe a clear correlation between tumor burden and
Shannon entropy across different metastases, and the putative
funder metastases can be small in tumor burden while diversi-
fied in barcode composition, suggesting that asymptomatic
metastases might also seed further metastases (Figures 5E
and S5E). Taken together, these data reveal potential wide-
spread metastasis-to-metastasis seeding and support that
secondary metastases from the bone to other distant organs
happen in a natural metastatic cascade.

The bone microenvironment promotes further
metastasis by enhancing cancer cell stemness and
plasticity

Organotropism is an important feature of metastasis. Clonal se-
lection appears to play an important role in organ-specific
metastasis, which has been intensively studied (Bos et al,
2009; Kang et al., 2003; Minn et al., 2005; Vanharanta and Mas-
sagué, 2013). Here, the metastasis-promoting effects of the
bone microenvironment appear to be multi-organ and do not
show specific organ-tropism. In an accompanied study, we
discovered profound phenotypic shift of ER* breast cancer cells
in the bone microenvironment, which included loss of luminal
features and gain of stem cell-like properties (Bado et al,
2021). This shift is expected to promote further metastases
(Gupta et al., 2019; Ye and Weinberg, 2015). Therefore, we hy-
pothesize that the enhancement of metastasis may be partly
through an epigenomic dedifferentiation process.
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To test this possibility, we compared the metastasis capacity
of a genetically identical SCP of MDA-MB-231 cells and its deriv-
atives entrained by different microenvironments (Figures S6A
and S6B). Based on a previous study (Minn et al., 2005), we
picked a non-metastatic SCP termed SCP21. SCP21 cells
were introduced to mammary fat pads, lungs, and hind limb
bones to establish tumors. After 6 weeks, entrained cancer cells
were extracted from these organs for further experiments (Fig-
ure 6A). We used intra-cardiac injection to simultaneously deliver
cancer cells to multiple organs (Figure 6A). Compared to the
mammary fat pad- and lung-entrained counterparts, bone-en-
trained SCP21 was more capable of colonizing distant organs
and gave rise to much higher tumor burden in multiple sites as
determined by bioluminescence (Figures 6A-6C). In mice sub-
jected to dissection and ex vivo bioluminescent imaging, signif-
icantly more and bigger lesions were observed from mice
received bone-entrained SCP21 cells in both skeletal and
visceral tissues (Figures S6C-S6E), suggesting an increase of
overall metastatic capacity rather than bone tropism in tumor
cells exposed to bone environment.

Inspired by the accompanied study (Bado et al., 2021), we
examined stemness markers (Al-Hajj et al., 2003; Charafe-Jauf-
fret et al., 2009) of SCP21 cells entrained in different microenvi-
ronments. Interestingly, bone-entrained cells appeared to
express a higher level of both ALDH1 activity and CD44 expres-
sion (Figures 6D and 6E). In addition, bone-entrained SCP21
cells increased expression of multiple proteins involved in
epithelial-mesenchymal transition (EMT) and in pathways shown
to mediate the effects of bone microenvironment on ER™ cancer
cells in our accompanied study, including FGFR1, PDGFRB,
EZH2, SLUG, and ZEB1 (Figures 6F and S6F). These data sug-
gest that similar mechanisms may be at work to induce cancer
cell stemness and plasticity in this ER™ model.

Indeed, when the same approaches were applied to the SCP2
derivatives of MCF7 cells. Bone entrained MCF7-SCP2 cells
showed increased initial survival and faster metastatic growth af-
ter intra-cardiac injection (Figures 6G-6l) and increased level of
ALDH1 activity and CD44 expression (Figures 6J and 6K). In
this epithelial model, we also observed a hybrid EMT phenotype
(Figure S6G), as also elaborated in our associated study (Bado
etal., 2021). It should be noted that, in this series of experiments,
lung-derived subline was not developed due to the lack of lung
colonization for MCF7-SCP2 cells.

In addition to cancer cells that are manually extracted from
various organs, we examined naturally occurred circulating
tumor cells (CTCs) emitted from bone lesions versus mammary
tumors. Not surprisingly, bone lesions generated a higher
number of CTCs, probably due to the more permeable vascular
structures or survival advantage conferred by the bone.

Figure 5. NMF analysis of evolving barcodes delineates metastatic spread
(A and B) Plots of NMF rank survey, consensus matrix, basis components matrix and mixture coefficients matrix of 200 NMF runs on the barcodes from MDA-MB-

231 metastatic lesions.

(C) Body map depicting the basis composition of MDA-MB-231 metastatic lesions.
(D) Chord diagrams illustrating the composition flow of barcode mutations between primary tumors and selected MDA-MB-231 metastatic lesions.
(E) Correlation plot of Shannon entropy and tumor burden on MDA-MB-231 samples. The tumor burden was indicated by human genomic content determined by

qg-PCR. Spearman r and p values were indicated.
See also Figure S5.
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However, on top of the higher number, CTCs from bone lesions
also express higher quantity of CD44 and ALDH1 (Figures 6L and
6M), suggesting increased stemness.

Finally, we also interrogated CD44 expression in a single-cell
RNA sequencing (RNA-seq) dataset of CTCs derived from breast
cancer patients. When patients were divided into two groups—
those carrying bone metastasis versus those carrying other me-
tastases, significantly higher expression of CD44 was observed
in the former (Figure 6N) (Aceto et al., 2018), providing clinical
support for our hypothesis that the bone microenvironment pro-
motes tumor cell stemness and plasticity, and thereby invigorate
further metastasis.

EZH2 in cancer cells orchestrates the effect of bone
microenvironment in secondary metastasis

Because EZH2 was revealed to play a central role in loss of ER
and gain of plasticity in ER* models in the accompanied study
(Bado et al., 2021), we asked if it also mediates secondary
metastasis. The frequency of ALDH1* cells and the expression
of mesenchymal and stemness markers in bone-entrained
SCP21 cells were also significantly decreased upon treatment
of an EZH2 inhibitor (EPZ) used in our accompanied study (Fig-
ures S7TA-S7C), supporting EZH2 as an upstream regulator the
observed phenotypic shift.

In addition to expression, we used an EZH2 target gene signa-
ture (Luetal., 2010) to deduce EZH2 activities. This signature was
then applied to RNA-seq transcriptomic profiling of SCP21 cells
subjected to various treatments or entrained in different organs.
EPZ treatment relieved the suppression of signature genes, re-
sulting in higher expression (Figure S7D), which supported the
validity of the signature. We then compared cells entrained in
bone lesions versus mammary gland tumors or lung metastasis
and observed significantly higher EZH2 activity in the bone-en-
trained cells (Figure 7A). Importantly, bone-induced changes to
both EZH2 activity and frequency of ALDH1" cells appeared to
bereversible, as in vitro passages led to progressive loss of these
traits (Figures 7B and 7C). Other bone microenvironment-
induced factors upstream of EZH2 (e.g., FGFR1 and PDGFRp)
(Kottakis et al., 2011; Yue et al., 2019) also exhibited transient
increased expression in bone-entrained cells (Figures 7D and
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S7E). Taken together, these data further suggest the potential
role of EZH2 in secondary metastasis from bone lesions.

Remarkably, transient treatment of EPZ before intra-cardiac
injection, which did not suppress the growth of tumor cells
in vitro (Figure S7F), completely abolished the enhanced metas-
tasis of bone-entrained SCP21 cells (Figures 7E-7G) and MCF7-
SCP2 cells (Figures 7H-7K) in vivo, again demonstrating that
the observed effects of bone microenvironment is not through
clonal selection, but rather epigenomic reprogramming driven
by EZH2.

Finally, to confirm the cancer cell-intrinsic role of EZH2 during
this process, we generated inducible knockdown of EZH2 (Fig-
ure S7G), that also slightly affected downstream expression of
plasticity factors and stem cell markers (Figures S7G and
S7H), but did not alter cancer cell growth rate in vitro (Figure S7I).
Induction of knockdown was initiated after bone lesions were
introduced for one week (Figures 7L, and S7J). Interestingly,
whereas EZH2 knockdown did not alter primary bone lesion
development (Figure 7M), it dramatically reduced secondary
metastasis to other organs (Figure 7N). Taken together, these
aforementioned results strongly implicate EZH2 as a master
regulator of secondary metastases from bone lesions.

DISCUSSION

In this study, based on the lIA injection technique and through
multiple independent approaches, we demonstrated that the
bone microenvironment not only permits cancer cells to further
disseminate but also appears to augment this process. A key
question that remains is the timing of secondary metastasis
spread out of the initial bone lesions: whether this occurs before
or after the bone lesions become symptomatic and clinically
detectable. The answer will determine if therapeutic interven-
tions should be implemented in adjuvant or metastatic settings,
respectively. Moreover, if further seeding occurs before bone le-
sions become overt, it raises the possibility that metastases in
other organs might arise from asymptomatic bone metastases,
which might warrant further investigations. Indeed, it has been
reported that DTCs in bone marrow of early breast cancer pa-
tients enrich stem cell-like population (Alix-Panabieres et al.,

Figure 6. Bone-entraining boosts the metastatic capacity of single cell-derived cancer cells
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blottings.

A) Experimental design (left) and representative BLI images (right) to test the metastatic capacity of mammary, lung, or bone-entrained SCP21s.

Normalized whole-body BLI intensity 7 days after intra-cardiac (IC) injection of same number of MFP-, LuM-, BoM-, or Par-SCP21 cells.

Colonization kinetics of MFP-, LUuM-, BoM-, and Par-SCP21 cells after IC injection. n (# of mice) = 8 (Par); 10 (MFP); 15 (BoM); 10 (LuM).

Percentage of ALDH"* population in MFP-, LuM-, BoM-, and Par-SCP21 cells by flow cytometry.

Histogram (left) and median fluorescent intensity (MFI) (right) of surface CD44 protein in MFP-, LuM-, BoM- and Par-SCP21 cells by flow cytometry.

F) Expression levels of proteins in Par- and organ-entrained SCP21s. Protein levels were quantified and converted into Z score from three or four western

(G-1) Representative BLI images (G), normalized BLI intensity at day 7 (H), and the colonization kinetics (I) of MFP-, BoM-, and Par- MCF7-SCP2 cells after I.C.

injection. n (# of mice) = 10 (Par); 8 (MFP); 10 (BoM).

(J and K) Percentage of ALDH* population (J) and expression of surface CD44 (K) in MFP-, BoM-, and Par- MCF7-SCP2 cells by flow cytometry. n (# of repeats) =

3 )2 (K.

(L and M) Representative fluorescent images (L) and quantification (M) of CD44 and ALDH1A1 expression on CTCs from NRG mice bearing MDA-MB-231 cells
derived mammary or bone tumors. CTCs were pooled from 5 blood samples. Scale bar, 10 um.

(N) Expression levels of CD44 mRNA in CTCs from breast cancer patients with bone metastases or other metastases (GSE86978).

Data are represented as mean + SEM in (B), (C), (D), (E), (H), (I) and (J). p values were assessed by Fisher’s LSD test following one-way ANOVA test in (B), (D), (E),
(H), and (J); by Fisher’s LSD test post two-way ANOVA test in (C) and (l); by Student’s t test in (F); by Mann-Whitney test in (M) and (N).

See also Figure S6.
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Figure 7. Secondary metastasis from bone lesions is dependent on EZH2 mediated epigenomic reprograming

(A) Levels of EZH2 signature genes (GSVA) in bone entrained and other SCP21 cells.

(B) Levels of EZH2 signature genes in bone entrained-SCP21 cells after different passages in vitro.

(C) Percentage of ALDH1* population in bone entrained-SCP21 cells at different passages.

(D) Representative western blotting of proteins in bone entrained-SCP21 cells after different passages.

(E-G) The schematic diagram and representative BLI images (E), normalized BLI intensity at day 7 (F), and the colonization kinetics (G) of BoM-SCP21 cells with
in vitro EPZ011989 (EPZ) treatment before IC injection. Non-treated BoM-SCP21 cells were used as control. n (# of mice) = 15 (—~EPZ); 9 (+EPZ).

(H) Comparison of ALDH1+ cells in EPZ treated and non-treated BoM-MCF7-SCP2 cells by flow cytometry. n (# of replicate) =

(-K) Representative BLI images (I), normalized BLI intensity at day 7 (J), and the colonization kinetics (K) of BOM-MCF7-SCP2 cells with in vitro treatment of EPZ
before IC injection. Non-treated BoM-MCF7-SCP2 cells were used as control. n (# of mice) = 10 (—EPZ); 7 (+EPZ).

(L) Experimental design assessing the multi-site metastases from bone lesions with inducible depletion of EZH2.

(M) Growth kinetics of the primary bone lesions in mice receiving doxycycline or control water, assessed by in vivo BLI imaging. BLI intensities at right hindlimbs
were normalized to the mean intensity at day 0. n (# of mice) = 10 for each arm.

(legend continued on next page)
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2007; Balic et al., 2006), supporting that asymptomatic bone mi-
crometastases are potentially capable of metastasizing before
being diagnosed. In this study, our evolving barcode strategy
exemplified potential metastases from bone to other organs.
Interestingly, we found that the putative parental metastases
could remain small (Figures 5E and S5E), which may suggest
that further dissemination might occur before diagnosis of exist-
ing lesions. Future studies will be needed to precisely determine
the onset of secondary metastasis from bones.

The fact that the genetically homogeneous SCP cells became
more metastatic after lodging into the bone microenvironment
suggests a mechanism distinct from genetic selection. Remark-
ably, this phenotype persists even after in vitro expansion, so it is
relatively stable and suggests an epigenomic reprogramming
process. We propose that this epigenetic mechanism may act
in concert with the genetic selection process. Specifically, the
organ-specific metastatic traits may pre-exist in cancer cell pop-
ulations (Minn et al., 2005; Zhang et al., 2013) and determine the
first site of metastatic seeding. The epigenomic alterations will
then occur once interactions with specific microenvironment
niches are established and when cancer cells become exposed
chronically to the foreign milieu of distant organs. Our data sug-
gest that such alterations drive a second wave of metastasesina
less organ-specific manner. This may explain why terminal stage
of breast cancer is often associated with multiple metastases
(Disibio and French, 2008).

Here, we suggested that the enhanced EZH2 activity under-
pins the epigenetic reprograming of tumor cells in bone microen-
vironment for further metastases. EZH2 maintains the de-
differentiated and stem cell-like status of breast cancer cells
by repressing the lineage-specific transcriptional programs
(Chang et al., 2011; Gonzalez et al., 2014). Pharmacologically
or genetically targeting EZH2 has been reported to inhibit tumor
growth, therapeutic resistance, and metastases with different ef-
ficacies in preclinical models (Hirukawa et al., 2018; Ku et al.,
2017; Ma et al., 2020; Zhang et al., 2020). It was noted that in
our models, EZH2 inhibition could not suppress the cell growth
in vitro or in the primary injection site, whereas both the transient
treatment of EZH2 inhibitor or inducible knockdown of EZH2 in
cancer cells dramatically decreased secondary metastasis, sug-
gesting targeting EZH2 may block the metastatic spread rather
than the tumor growth.

In the clinic, some bone metastases can be managed for years
without further progression, while others quickly develop thera-
peutic resistance and are associated with subsequent metasta-
ses in other organs (Coleman, 2006). These different behaviors
may suggest different subtypes of cancers that are yet to be
characterized and distinguished. Alternatively, there may be a
transition between these phenotypes. In fact, depending on
different interaction partners, the same cancer cells may exist
in different status in the bone. For instance, although endothelial
cells may keep cancer cells in dormancy (Ghajar et al., 2013;
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Price et al., 2016), osteogenic cells promote their proliferation
and progression toward micrometastases (Wang et al., 2015,
2018). Therefore, it is possible that the transition from indolent
to aggressive behaviors is underpinned by an alteration of spe-
cific microenvironment niches. Detailed analyses of such alter-
ation will lead to unprecedented insights into the metastatic
progression.

Limitations the study

In this study, we did not provide direct clinical evidence that
bone metastasis can seed other metastases in cancer pa-
tients. Although this is reported in several previous studies
(Brown et al., 2017; Gundem et al., 2015; Ullah et al., 2018),
the prevalence of secondary metastases seeded from bone le-
sions remains to be determined in patients. Future genomic
studies with improved depth and informatics will likely dissect
this process in greater depth and elucidate spatiotemporal
paths of metastasis. The evolving barcode strategy was useful
in tracing metastatic evolution. The most striking and robust
finding from these experiments is that genetically closely
related metastases do not localize in the same type of tissues
and are usually highly distinct from orthotopic tumors. This in
principle argues against independent seeding events from pri-
mary tumors and supports metastasis-to-metastasis seeding.
However, the deduction of specific parental-child relationship
based on Shannon entropy is intuitive and qualitative, and
needs to be analyzed by more quantitative models in
future work.

We principally demonstrated that compared to lungs, bones
are more capable of promoting secondary metastasis. However,
further studies will be required to determine whether other
organs, such as liver and lymph nodes, might also exert similar
effects on metastatic spread. We postulate that two factors
may regulate an organ’s capacity to promote secondary metas-
tases. First, the initial wave of organotropic metastasis will pose
a selection of metastatic seeds that arrive and survive in a spe-
cific organ. Second, the subsequent interactions with resident
cells will induce adaptive epigenetic changes on top of the ge-
netic selection, which together dictate whether the metastatic
journey may extend to other organs.

Although data presented in this study indicate that cancer cells
colonizing the bone acquire intrinsic traits for further dissemina-
tion, we cannot rule out systemic effects that may also contribute
to this process. At the late stage, bone metastases are known to
cause strong systemic abnormality such as cachexia (Waning
et al., 2015), which may influence secondary metastasis. Even
at early stages before bone metastases stimulate severe symp-
toms, the disturbance of micrometastases to hematopoietic cell
niches may mobilize certain blood cells to migrate to distant or-
gans, which may in turn result in altered metastatic behaviors
(Peinado et al., 2017). These possibilities will need to be tested
in future research.

(N) Heatmap of ex vivo BLI intensity and status of metastatic involvement in tissues from animals with EZH2 depleted or control bone metastases.
Data are represented as mean + SEM in (F), (G), (J), (K), and (M). p values were assessed by Student’s t test in (A), (F), and (J); by test for linear trend following
repeat measure one-way ANOVA in (B) and (C); by LSD test following two-way ANOVA in (G), (K), and (M); by ratio paired t test in (H); by Fisher’s exact test on the

ratio of metastatic involvement and Mann-Whitney test on BLI intensity in (N).

See also Figure S7.
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Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Cell lines and Cell Culture
O Animals
e METHOD DETAILS
O Plasmid Construction
O Lentiviral Production and Transduction
O In vitro activation of hgRNA barcodes
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SUMMARY

Estrogen receptor-positive (ER*) breast cancer exhibits a strong bone tropism in metastasis. How the bone
microenvironment (BME) impacts ER signaling and endocrine therapy remains poorly understood. Here, we
discover that the osteogenic niche transiently and reversibly reduces ER expression and activities specif-
ically in bone micrometastases (BMMs), leading to endocrine resistance. As BMMs progress, the ER reduc-
tion and endocrine resistance may partially recover in cancer cells away from the osteogenic niche, creating
phenotypic heterogeneity in macrometastases. Using multiple approaches, including an evolving barcoding
strategy, we demonstrated that this process is independent of clonal selection, and represents an EZH2-
mediated epigenomic reprogramming. EZH2 drives ER* BMMs toward a basal and stem-like state. EZH2 in-
hibition reverses endocrine resistance. These data exemplify how epigenomic adaptation to BME promotes
phenotypic plasticity of metastatic seeds, fosters intra-metastatic heterogeneity, and alters therapeutic re-
sponses. Our study provides insights into the clinical enigma of ER+ metastatic recurrences despite endo-
crine therapies.

INTRODUCTION

Estrogen receptor-positive (ER*) breast cancer (BC) accounts for
over 70% of all BCs, and after recurring, causes over 24,000
deaths per year in the US. Adjuvant endocrine therapies target
ER and significantly reduce recurrences. However, 20%-40%
of patients still develop metastases, often after a prolonged la-
tency (Lim et al., 2012; Zhang et al., 2013). Thus, it is imperative
to understand how ER* cancer cells escape endocrine therapies
in distant organs and to identify therapies to eliminate these cells.

Bone is the most frequently affected organ by ER™ BC, which
is usually luminal-like subtype. Compared with the basal-like
subtype, luminal BC exhibits a 2.5-fold increased frequency of

1100 Developmental Cell 56, 1100-1117, April 19, 2021 © 2021 Elsevier Inc.

bone metastasis (BoM), but a 2.5-fold decreased frequency of
lung metastasis (Kennecke et al., 2010; Smid et al., 2008).
BoMs of luminal-like BC are usually late onset, occurring beyond
5 years after surgery. Current tumor-intrinsic biomarkers in pri-
mary tumors can predict recurrences within 5 years, but not
beyond (Sgroi et al., 2013), suggesting that the capacity of devel-
oping late-onset metastasis may not be encoded in cancer cells.
We hypothesize that unique interactions between the bone
microenvironment (BME) and ER* disseminated tumor cells
(DTCs) may facilitate survival and therapeutic resistance.

Little is known about how the BME affects ER*™ BC cells. There
is a paradoxically high discordance rate of ER status between
primary tumors and DTCs, suggesting loss of ER in DTCs
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Figure 1. BME induces transient loss of ER expression in ER* breast cancer cells
(A) H&E staining of spontaneous metastases of HCIO11 and WHM9 tumors to spine and hind limb, respectively. Scale bar: 100 um.
(B) Human-specific ER IHC staining are shown for spontaneous metastasis of HCI011 and WHIM9, respectively. Scale bar: 50 pm.

(legend continued on next page)
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(Fehm et al., 2008; Jager et al., 2015). However, most overt
BoMs (>85%) remain positive for ER (Hoefnagel et al., 2013),
seemingly contradicting the DTC findings. ER* BoMs can still
respond to endocrine therapies, although resistance almost
invariably develops.

We have previously developed a series of models and tech-
niques to investigate cancer-bone interaction at a single-cell res-
olution. Herein, we aim to investigate the impact of BME on the
ER signaling in ER* BC cells.

RESULTS

BMMs transiently lose ER expression

To study how ER* BC cells interact with BME, we identified two
patient-derived xenograft models (PDXs), HCIO11 and WHIM9,
from patients with BoMs (Derose et al., 2011; Li et al., 2013). In
immunodeficient mice, orthotopic HCI011 and WHIM9 tumors
spontaneously metastasized to bones 5-6 months after sur-
geries (Figure 1A). Spontaneous BoMs exhibited reduced ER
expression in both PDX models (Figure 1B). The BoM size posi-
tively correlated with an average intensity of nuclear ER by IHC
staining (Figures S1A and S1B).

Next, we performed intra-iliac artery (llA) injection of dissoci-
ated PDXs or established ER" cell lines (MCF-7 and ZR75-1) to
introduce experimental BoMs. This approach synchronizes the
onset of colonization and enriches BMMs, thereby allowing
quantitative examination of bone colonization of relatively indo-
lent cancer cells at different stages (Figures 1C and 1D) (Yu
et al.,, 2016). As in spontaneous BoMs, a strong correlation
was found between ER expression and the size of llIA-induced
BoMs (Figure S1C) but not orthotopic tumors (Figure S1D).
When we classified BoMs by size, the expression of ER dimin-
ished in small lesions compared with mammary tumors but
was restored in large lesions (Figure 1E). Thus, in both sponta-
neous and experimental BoM models, lesion size seems to be
associated with ER expression (Figures 1E-1G).

Two possible mechanisms might explain the above associa-
tion. First, genetically distinct ER™" and ER™" cancer cells
may pre-exist, and the former progresses at a slower rate and
form small lesions. Second, there may be a transient loss and
a subsequent recovery of ER in ER* cancer cells in BME. To

Developmental Cell

distinguish these, we collected four single-cell-derived popula-
tions from MCF-7 cells (M7-SCPs). Exome sequencing validated
their genetic purity (Figure S1E). The expression of ER in M7-
SCPs is still variable from cell to cell, although to a lesser degree
compared with parental cells (Figure S1F), suggesting a baseline
level of cellular plasticity among ER* BC cells. Using an M7-SCP
of the best clonality (M7-SCP2), we compared the ER expression
between BMMs and macrometastases. Like parental MCF7,
M7-SCP2 cells exhibited decreased ER expression in small
BoMs (Figures 1F, S1G, and S1H). Taken together, multiple
ER* models supported that BME induces a loss of ER expression
specifically in BMMs (Figure 1G).

The loss of ER was also observed in clinical specimens. In a
study comparing patient-matched primary BCs and BoMs,
ESR1 was found to be one of the top genes downregulated in
BoMs (Priedigkeit et al., 2017). Gene set variation analysis
(GSVA) further suggests that there is an even stronger downre-
gulation of acute ER signaling (Figure 1H).

We next monitored the longitudinal alteration of ER signaling
during BoM progression using positron emission tomography-
computed tomography (PET-CT) imaging. A radiolabeled 18F-
fluoroestradiol (18F-FES) PET/CT imaging strategy was adopted
(Figures 1land S11-S1K) to measure the uptake of estrogen by tu-
mors in parallel with glucose consumption (18F-FDG) (Kurland
et al., 2017). We found a significant reduction in estrogen uptake
in early lesions of BoM (Figure 1J) compared with mammary tu-
mors (Figures 1K and S1l). The difference was reduced at a later
time point (Figures 1J-1L), suggesting a reversible process.

An evolving barcode strategy to trace clonal evolution of
ER* BC cells

ER heterogeneity is often observed in the clinic. However, the
phylogenetic relationship between ER* and ER™ cancer cells is
not defined. We used an evolving barcode system (Kalhor
et al., 2017, 2018) to trace the evolution of ER* cancer cells in
BME. This is a variant of the widely used CRISPR-Cas9 system.
Here, the PAM site is mutated such that Cas9 can target the lo-
cus encoding guide RNAs (termed “home-guide RNAs” or
hgRNAs). As aresult, mutations are iteratively introduced to drive
the evolution of hgRNAs. This provides an opportunity for multi-
ple parallel lineage tracing in cancer.

(C) IF staining of ER, keratin 8 (K8), and DAPI in orthotopic (mammary) and lIA-induced BoM models of ER* PDXs (HCIO11 and WHIM9). Scale bars: 100 um.
(D) IF images of MCF7 cells following orthotopic and bone transplantation. Changes in ER expression are illustrated at different stages of tumor progression.
Scale bars: 50 um.

(E) Dot plot depicting nuclear ER intensity of single cells (SCs) in orthotopic and BoM specimens from PDXs (HCI011, WHIM9) and cell lines (MCF7, ZR75-1),
following IF staining as illustrated in (C and D) (n = 3-6 mice per model). Error bars: mean + SD.

(F) Dot plot depicting nuclear ER intensity of SCs in orthotopic and BoM specimens from M7-SCP2. Bone lesions were classified into “small” and “large” as
defined in (E); (n = 4 mice). Error bars: mean + SD.

(G) Connected scatterplots showing the mean-normalized ER intensity of all cancer models used from 1E to 1F. (n = 5 cell lines).

(H) Boxplot depicting changes in ESR1 early signature in matched BoM and primary specimens from BC patients (Github: https://github.com/npriedig/).

(I) Scheme describing the PET-CT experiment on MCF7 orthotopic or lIA-induced BoM models. 18F-FES and 18F-FDG imaging were performed 48 h apart, at
week 1 and 7 post tumor transplantation.

(J) PET/CT scans showing the maximum intensity projection (MIP) of 18F-FDG and 18F-FES in bone as described in |. MCF7 BoMs were generated using IIA
injection. Red arrows indicate tumor location. Scale: 0.2-0.5 SUV-bw (week 1) and 100-200 SUV-bw (week 7).

(K) Axial view of PET/CT scans depicting the uptake of 18F-FDG and 18F-FES in small and large lesions of MCF7 orthotopic tumors. Early time point (week 1) and
late time point (week 7) were used to depict non-palpable orthotopic tumor stage (small <2 mm) and the palpable tumor stage. Red arrows and scale: as in (J).
(L) Relative quantification of radiolabeled 18F-FES uptake in small and large lesions of orthotopic and BoMs. Each dot represents the mean standard uptake
values (mean SUV-bw) of 18F-FES normalized to the mean SUV of 18F-FDG for each mouse. Mann-Whitney U test is used for statistical analysis; n = 5 mice
per group.

(A-L) p values were computed by two-tailed unpaired Student’s t tests unless otherwise noted.
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The evolving barcode system was introduced to MCF-7 cells
and was allowed to accumulate mutations before tumor trans-
plantation to the bone by IIA injection (Figure 2A). This created
a baseline barcode diversity so that independent clones in the
bone can be distinguished. Further evolution after lIA injection
helps deduce the parent-child relationship between clones. We
used laser-captured micro-dissection (LCM) to isolate cancer
cells in different regions of established BoMs (Figures 2B and
S2A). DNA purification and PCR-mediated enrichment of hgRNA
sequences were performed before sequencing (Figures 2A, 2B,
and S2A). The hgRNAs were then used to deduce the phyloge-
netic relationship among cancer cells in different lesions (Figures
2C and S2B). A consecutive section of the bone was used for
immunofluorescence (IF) staining of ER so that the nuclear ER
expression of each lesion could be superimposed with the barc-
odes. ER expression was highly variable across different lesions
in the femur (Figures 2D and S2C) and tibia (Figure S2D), indi-
cating an increased phenotypic heterogeneity of the BoM.

Inthe metaphyseal area of femur, 12 lesions were grouped into
three clusters (Figure S2E). Interestingly, ER expression varies
within each cluster, which provides strong evidence against ge-
netic traits as a determinant of the ER level in BoM (Figure 2E).
Similar observations were found in lesions derived from tibia
(Figure S2F). A notable example was the module 1, a cluster
formed by lesions #1, #4, #5, and #7. The barcodes of these le-
sions are highly similar (Figures 2F and S2G), indicating close
phylogenetic distance. Additionally, these lesions have a distinct
spatial distribution with a close proximity to the growth plate (Fig-
ure S2H). Lesion #1 exhibited a low ER expression but the high-
est Shannon entropy among all 12 lesions, whereas lesion #7
was the opposite. Both ER expression and Shannon entropy of
other lesions varied as functions of distance to these two
extreme lesions (Figure 2G). Considering that the Shannon en-
tropy is correlated with the “age” of cancer cells (Zhang et al.,
2021), lesion #1 is likely to be parental to legions #4, #5, and
#7. The fact that their ER levels greatly varies, support our hy-
pothesis that ER™ lesions may give rise to ER" lesions as
BoMs progresses.

The analysis of all lesions (#1-19) derived from the same hind
limb revealed surprising similarities between lesions from femur
and tibia (Figure S2E). Despite physical barriers, lesion #15 from
tibia shared similar mutations with lesions #6, #8, #10, and #11
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from femur, suggesting a femur-to-tibia seeding (Figure S2E).
This metastasis-to-metastasis seeding is further investigated in
our accompanied study (Zhang et al., 2021).

ERE-GFP°" cells drive BoM progression and
reconstitute ER heterogeneity

As an independent approach to trace the fate of ER™ cancer cells
in BoM, we introduced a reporter system, namely, GFP expres-
sion driven by the estrogen-responsive elements (ERE-GFP). We
performed IIA injection of ERE-GFP"9" and ERE-GFP™¥ cells,
respectively. The bone colonization capacity of ERE-GFP-°%
cells was over 30-fold higher compared with ERE-GFP"9" cells
(Figures 2H and S2I), consistent with the finding that the ER™
subset of MCF-7 cells enrich stemness (Fillmore et al., 2010).
Interestingly, BoMs established by ERE-GFP-°" cells exhibited
heterogeneous ER expression, similar to those derived from
parental cells (Figures 21 and S2J) and lesion sizes were associ-
ated with ER expression (Figure S2K). This experiment provides
additional support for the conclusion that ER" cells may
generate ER9" cells in BME.

BC lesions tend to associate with areas of new bone matrix
deposition (Figure S2L). We examined the spatial distribution
of ER expression relative to bone matrix. Cancer cells apart
from lesion borders were more likely to restore ER expression
compared with those at the border (Figure 2J). Thus, ER recovery
tends to occur first toward the center of a BoM lesion, leading to
the hypothesis that the interactions between metastatic cells
and adjacent bone cells drive the transient loss of ER.

Direct interaction with OGs mediates the loss of ER
expression

To identify bone cells that causes ER loss in BMMs, we assessed
the spatial relationship between ER expression and various bone
cells, including osteoclasts (RANK™), endothelial cells (CD31%),
myofibroblasts/bone stromal cells («SMA™), and OGs (ALP*). In
WHIM9, HCIO11, and MCF-7 models, RANK expression ex-
hibited a positive association with nuclear ER intensity at a sin-
gle-cell level (Figure 3A). In contrast, negative associations
were observed for endothelial, fibroblasts, and OGs (Figures
3B and 3C). Among these, the correlation of ALP* OGs is most
consistent across different models (Figure 3C), suggesting that
OGs may be the cell types driving the loss of ER.

Figure 2. Tracing ER expression in bone metastases by evolving barcodes and ERE-reporter

(A) Experimental design of BoM lineage tracing using an inducible CRISPR-Cas9 hgRNA evolving barcoding system. iCas9-expressing MCF7 cells were stably
transduced with homing guide RNA A21 (hgRNA-A21) before transplantation to bone and induced weekly for 4 weeks before LCM and targeted sequencing. We
collected 19 lesions from femur (#1-12) and tibia (#13-19). Barcoded parental cells were labeled as #20.

(B) Exact map of mouse femur before and after LCM of metastatic lesions #1-12.

(C) Heatmap showing hierarchical clustering of bone lesions #1-12, based on hgRNA-A21 mutations.

(D) IF quantification of SCs nuclear ER in lesions #1-12 (femur). (n = 12 lesions); p value: ordinary one-way ANOVA.

(E) Modular organization of lesions #1-12 following a high-dimensional undirected analysis of barcode mutations. Node sizes represent mean intensity of ER

expression.

(F) Circus plot showing barcode deletions in bone lesions clustered in module 1 (see E). #20: Pre-injected cells.

(G) Scatter plot showing Pearson correlation (R) between the Shannon index of bone lesions and their relative distance to lesion #1 or #7. p value: two-tailed t test.
(H) lIA-induced BoM from ERE-GFP reporter MCF7 cells. ERE-GFP-°", and ERE-GFP"9" MCF7 cells were sorted based of their GFP expression. Tumor growth
was measured by bioluminescence. (n = 5-8 mice); p value: two-way ANOVA. Error bars: mean + SEM.

(I) IF staining of ER in BoM derived from ERE-GFP-" MCF7 cells. The Gaussianized ER distribution is based on nuclear intensity of SCs; peak: mean ER
expression per lesion.

(J) IF staining depicting a spatial distribution of ER based on the location of M7-SCP2 lesions relatively to the bone matrix. Scale bars: 25 pm. Dot plots represent
nuclear ER expression in cells proximal (< 2 cell distance) or distal (>3 distance) to the bone matrix. p values: two-tailed unpaired Student’s t tests.
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Figure 3. OGs promote the loss of ER expression and reduction of ER activities during early stages of bone colonization

(A) IF of BoMs showing ER expression in PDXs (HCI011 and WHIM9) and MCF7 cells, relatively to receptor activator of nuclear factor-KB (RANK) expression in
osteoclasts. Scale bars: 100 pum. Dot plots show ER quantification in SCs. (n = 3-5 lesions).

(B) IF as in (A). ER is co-stained with alpha smooth muscle actin (xXSMA) and cluster of differentiation 31 (CD31) to depict endothelial cells. Dot plots show ER
quantification in SCs. (n = 3-5 lesions).

(C) IF as in (A). ER is co-stained with alkaline phosphatase (ALP). Dot plots show ER quantification in SCs. (n = 3-5 lesions).

(D) IF images of HCIO11-derived primary cells and MCF7 cells in 3D monoculture and co-culture with FOBs and MSCs. Scale bars: 100 um.

(legend continued on next page)
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To further study this interaction, we employed a fetal OB line
(FOB) and a human MSC line to represent OGs. Luminal-like can-
cer cells and OGs form heterotypic organoids in 3D suspension
co-culture, which recapitulated several aspects of cancer-niche
interaction (Wang et al., 2015). Co-staining of ER and keratin 8
(K8, a marker of luminal cells) in 3D co-cultures revealed a loss
of ER in MCF-7 cell line and HCIO11 PDX-derived organoids (Fig-
ure 3D) similar to in vivo BMMs. MSCs and FOB both induced
consistent loss of ER expression across multiple models (Fig-
ure 3E). In contrast, U937, ahuman monocytic cell line that is often
used to model osteoclast precursors, did not cause the same
changes to the ER expression, supporting the specificity of OGs
(Figure 3E).

Importantly, M7-SCPs also exhibited the same alterations upon
interacting with FOB (Figures 3F and 3G). InM7-SCP2, -SCP3, and
-SCP4, the degree of ER downregulation is comparable with
parental MCF-7 cells. In contrast, M7-SCP1 exhibited a lesser
decrease (Figures 3G and 3H). Interaction with OGs confers
growth advantage on cancer cells, as we previously showed
(Wang et al., 2015, 2018). Similar to MCF-7 cells (Figures S3A
and S3B), M7-SCP1, 2, and 3 also displayed such an advantage
in 3D co-cultures as compared with monocultures. In contrast,
the growth of M7-SCP4 was suppressed by FOB (Figure S3C).
Thus, different M7-SCPs possess a variable capacity of orthotopic
tumor initiation, bone colonization, FOB-mediated growth promo-
tion, and ER downregulation (Figure S3D). This pre-existing het-
erogeneity supports the importance of clonal selection in metas-
tasis, which has been repeatedly demonstrated in previous
studies (Bos et al., 2009; Kang et al., 2003; Minn et al., 2005). How-
ever, the BME-induced, adaptive change is less appreciated (Fig-
ures 3F-3H).

Hyperactive ER activities can lead to ER protein degradation
(Nawaz et al., 1999). Therefore, decreased ER expression could
paradoxically suggest an enhanced ER signaling. Upon co-
culturing with FOB, cancer cells reduced the transcription of
ER mRNA (Figure 4A), as well as ER transcription activities as
indicated by a luciferase reporter driven by a promoter contain-
ing ER-responsive elements (ERE-luciferase) (Figure 4B). The ER
target progesterone (PR) was also downregulated in BMMs (Fig-
ure 4C). These data indicate that the transient loss of ER is not a
reflection of hyperactive ER signaling, but rather the cause of
decreased ER signaling.

Interaction with OGs in the BME leads to resistance to
endocrine therapies

Downregulation of ER may impact endocrine therapies. We
examined the effects of fulvestrant, tamoxifen, and estradiol on
ER* cancer cells with or without co-culture of FOB. The presence
of FOB diminished the effects of these agents on ER nuclear
localization (Figure 4D) and blunted the anti-proliferative effects
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of tamoxifen and fulvestrant (Figure 4E). The same results were
observed using M7-SCPs (Figure 4F), indicating a process inde-
pendent of genetic selection. We next examined the reversibility
of “bone-entrained” effects by inoculating M7-SCP2 cells into
bone via IIA. Cancer cells were retrieved after establishment of
BMMs, resulting in “bone-entrained” M7-SCP2 cells (M7-
SCP2-Bo) (Figure S4A). M7-SCP2-Bo cells remained resistant
to fulvestrant in early passages, but this resistance diminished
as cells were expanded in cultures (Figure 4G), suggesting that
BME-induced phenotypic shift is not stably inherited.

We next examined responses of ER* cancer cells to estrogen
deprivation in BME (Figure S4B). Combined ovariectomy and le-
trozole treatment could significantly impede orthotopic tumor
growth in both MCF-7 and ZR75-1 models (Figures S4C and
S4D) but failed to reduce BoM colonization at early time points
(Figures 4H-4M). The response to estrogen deprivation was
partially recovered in MCF-7 cells after week 3 (Figures 4H-
4J), further supporting that the resistance may be reversible as
metastases further progress. However, ZR75-1 bone lesions re-
mained resistant at later time points (Figures 4K-4M). Hence, not
all BoMs restore endocrine sensitivity. In ZR75-1, despite the
partial reversion of ER expression in macrometastases, PR
expression remained repressed (Figures S4E and S4F). Thus,
downstream ER signaling may not recover together with ER
expression during BoM progression.

Downregulation of ER in BoM is partially mediated by
direct cell-cell contact and gap junctions

We previously reported that heterotypic gap junctions between
cancer cells and OGs mediate calcium influx to the former and
activates calcium signaling (Wang et al., 2018). We asked if the
gap junction and calcium signaling may mediate ER downregula-
tion and endocrine resistance. Suppression of gap junction by a
peptide, GAP19, or calcium signaling by a small molecule inhib-
itor, FK506, partially restored ER expression in co-cultures with
FOBs (Figure S5A). This effect was small but noticeable and
was further supported by a converse experiment showing that
high [Ca2+]inthe medium decreased ER expression (Figure S5B).
Inhibition of calcium signaling also reduced the grow advantage
conferred by FOB (Figure S5C), and enhanced endocrine thera-
pies in bone-in-culture array (BICA) (Figure S5D), which is an
ex vivo platform that recapitulate BME and cancer-niche interac-
tions (Wang et al., 2017). Taken together, gap junction and cal-
cium signaling contribute to inhibit ER expression in BMMs.

Unbiased profiling uncovered global phenotypic shift of
ER* cancer cells

We used multiple approaches to discover additional mecha-
nisms underpinning BME-induced ER downregulation (Fig-
ure 5A). Translating ribosome affinity purification followed by

(E) Heatmap showing the mean intensity of ER in primary cells (HCI011) and BC cell lines (MDA-MB-361, MCF7, ZR75-1, T47D, ZR75-30) in 3D monoculture
(control) or co-culture with osteoclast precursors (U937), bone marrow stromal cells (Hs5), mouse pre-osteoblasts (MC3T3), human mesenchymal stem cells
(MSC) and human pre-osteoblast (FOB). Histogram shows ER expression in monoculture versus co-culture of multiple cell lines with U937 or FOB cells; (n =3

biological replicates). Error bars: mean + SD.

(F) IF showing ER expression in M7-SCPs in 3D monoculture or co-culture with FOB cells. Vimentin (VIM). Scale bars: 50 um.

(G) IF quantification of ER expression in M7-SCP1 to 4; (n = 3 biological replicates).

(H) Graph representing ER expression in cancer cells alone or in co-cultured with FOB cells. Spearman correlation (R); (n = 5 cell lines); Error bars: mean + SEM.
(A-H) p values were computed by two-tailed unpaired Student t tests unless otherwise noted.
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RNA-seq (TRAP-seq) was applied to profile transcriptome in
cancer cells interacting with OGs in 3D suspension co-cultures
without dissociating the two cell types. TRAP-seq revealed
that MSCs diminished the impact of endocrine perturbations
on ER* cancer cells (Figure S5E). We also validated that GJA1,
the gene encoding connexin 43, was upregulated by MSCs in
co-cultures and exhibited a strong inverse correlation with ER
expression (Figure S5F), further indicating a role of gap junctions
in downregulating ER. However, the conditioned medium of OGs
also causes ER downregulation and endocrine resistance (Fig-
ure S5@G), indicating paracrine mechanisms.

According to TRAP-seq, over 1,100 genes are significantly
increased by MSC co-cultures (FDR <0.05 and fold change
>2), which indicates a global phenotypic alteration. Using
PAMS0 signatures, we observed a shift from luminal to basal
subtype (Figure 5B). Several pathways changed significantly in
MSC-interacting cancer cells, including the decrease in ER
signaling and increase in epithelial to mesenchymal transition
(EMT) and STATS signaling (Figure 5B), all of which indicated
dedifferentiation and stem-like activities (Mani et al., 2008; Mar-
otta et al., 2011; Pfefferle et al., 2015). The PANTHER classifica-
tion system identified a number of pathways overrepresented in
the altered genes, including several related to epigenomic regu-
lation of gene expression (e.g., PRC2), stemness-related path-
ways (e.g., WNT and Notch), and receptor tyrosine kinase
(RTK) signaling (Figures 5C and S5H). Some of these pathways
have been previously implicated in BoM and therapeutic resis-
tance (Andrade et al., 2017; Esposito et al., 2019; Sethi et al.,
2011; Zheng et al., 2017). These findings indicate that OGs
induce an epigenomic landscape alteration in ER* BC cells to-
ward more ER-independent and stem-like states.

Reverse phase protein array (RPPA) was used to profile over
236 key proteins and phospho-proteins in cancer cells that
have been extracted from BME. Comparisons were made be-
tween MCF-7 and MCF-7-Bo and between M7-SCP2 and M7-
SCP2-Bo. We identified the proteins and phospho-proteins
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that are significantly altered (Figures S51 and S5J). The bone-en-
trained cells exhibited reduced ER signaling (Figure 5D),
enhanced stemness (Figure 5D), increased mesenchymal
markers (Figure 5E), and increased RTK expression (Figure 5F).
The most upregulated protein in both MCF-7-Bo and M7-
SCP2-Bo was PDGFRB (Figures S5J and S5J). Overall, these
changes revealed a global phenotypic shift toward a more dedif-
ferentiated status (Ginestier et al., 2007; Guo et al., 2012; Mani
et al., 2008; Tam et al., 2013; Ithimakin et al., 2013). One notable
osteogenic cell-induced change is the acquisition of a hybrid
EMT status (Figure 5E). We performed co-IF staining of epithelial
markers (E-cadherin and cytokeratin 8) and a mesenchymal
marker (Vimentin). A small proportion of double-positive cells
were observed, usually located at the border between metasta-
ses and bone matrix, where OGs are located (Figure 5G). Thus,
the interaction with OGs does not simply cause EMT, but rather
induce phenotypic plasticity and confer stemness.

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) (Buenrostro et al., 2015) was used to evaluate epige-
netic changes occurring at the chromatin level of cancer cells
extracted from bone. The differentially accessible regions (DAR)
between parental and bone-entrained cells were decreased in
the latter in general (Figures 5H-5J), indicating a global shift
toward heterochromatin formation. This was further supported
by a global decrease in chromatin accessibility (Figure 5K). We
identified two major peaks around ESR1 gene with reduced
chromatin accessible in bone-entrained cells (Figure 5L) (Peaks
1 and 3). The reduction reversed over multiple passages
in vitro (Figures 5L and S5K). Overall, these results indicate a
reversible epigenetic reprogramming in cancer cells interacting
with BME.

FGFR and PDGFR pathways contribute to phenotypic
changes in BMMs

Among all pathways altered in BME, PDGFRB and FGFR1 path-
ways are of particular interest. PDGFRp exhibited the highest

Figure 4. OGs confer endocrine resistance

(A) Relative mRNA expression of ESR1 in 3D monoculture or co-culture of MCF7 with FOB. Data result from FACS-sorted MCF7. (n = 3 technical replicates). Error
bars: mean + SD.

(B) Dot plot representing ER transcriptional activity in MCF7 cells expressing PGL2 ERE-luciferase reporter. MCF7 cells were cultured in 3D with or without OGs
(FOB and MSC) for 7 days. (n = 10 technical replicates); Error bars: mean + SD.

(C) Confocal images showing the expression of progesterone receptor (PR) in lIA-induced BoM from MCF7 and HCIO11. Dot plots show nuclear PR IF intensity.
(n = 3 lesions).

(D) Dot plots depicting ER intensity in 3D mono- and co-culture of MCF7 cells with FOB following 24 h treatment with 10 nM 17B-estradiol, 20 nM fulvestrant, and
100 nM 4-hydroxytamoxifen (tamoxifen); n = 5 fields.

(E) Violin plot showing the response of luciferase-labeled MCF7 and ZR75-1 cells to 100 nM of 4-hydroxytamoxifen (tamoxifen) and 20 nM of fulvestrant in 3D
mono- or co-culture with OGs (FOB). Bioluminescence was acquired 72 h post-treatment. (n = 12 and 10 technical replicates for and ZR75-1).

(F) Graphs representing the proliferation of MCF7 cells and M7-SCP1-4 in monoculture and MSC co-culture following 1 week of treatment with 20 nM fulvestrant
or 100 nM tamoxifen; n = 5 cell lines. Error bars: mean + SEM.

(G) Time course experiment depicting growth kinetics of un-entrained and bone-entrained M7-SCP2 cells in vehicle or 20 nM fulvestrant conditions; n = 6
technical replicates.

(H) Growth curve showing response of lIA-induced MCF7 BoMs to estrogen depletion. Ovariectomized (OV) mice were additionally treated with letrozole (OV+Al),
daily. Results are based on BLI. (n = 10 mice); p value: two-way ANOVA.

(I) Dot plot showing BoM growth in wild-type (WT) and OV+Al mice at week 2 and week 5 post tumor transplantation; n = 10 mice. p value: two-tailed unpaired
Student’s t test.

(J) H&E staining showing MCF7 metastatic lesions in wild-type (WT) and “OV+Al” groups.

(K) Growth curve depicting the response of ZR75-1-derived BoM as in (H). (n=9-10 mice); p value: two-way ANOVA.

(L) Dot plot showing statistical growth differences in ZR75-1 as in (l).

(M) H&E staining of ZR75-1 metastatic lesions as in (J).

(A-M) p values were computed by two-tailed unpaired Student’s t tests unless otherwise noted.
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fold change in both models (Figures S5 and 5J) and was shown
to determine the subtype of BC and mediate cancer stem cell ac-
tivities (Lehmann et al., 2011; Tam et al., 2013). Multiple FGF li-
gands and receptors were upregulated in human BoMs
compared with matched primary tumors (Priedigkeit et al.,
2017). FGF signaling regulates stem cell compartment in ER*
BC (Fillmore et al., 2010). Using a literature-based network anal-
ysis platform (https://string-db.org/)(von Mering et al., 2005), we
found that FGF2 connects ER, FGFR1, and PDGFRB (Figure 6A),
suggesting a pivotal role of FGF2 in ER downregulation and
endocrine resistance.

FGF2 is the highest expressed FGF ligands by FOB cells (Fig-
ure 6B). IF staining of FGF2 in BMMs revealed a positive correla-
tion with ALP+ OGs (Figures 6C and S6A) and a negative
correlation with nuclear intensity of ER (Figures 6D and 6E).
Functionally, recombinant FGF2 treatment decreased ER
expression in multiple cell lines including M7-SCPs (Figure 6F),
and induced resistance to fulvestrant (Figure 6G). Conversely,
a potent FGFR inhibitor, BGJ398, reversed the fulvestrant resis-
tance of ER* cancer cells in BICA (Figure 6H).

PDGFRB is highly expressed in the bone-entrained cells at
both protein and mRNA levels (Figure S6B). Direct interaction
between cancer cells and OGs was required for PDGFRB upre-
gulation (Figure S6C). Among all PDGF ligands, PDGF-DD, but
not PDGF-BB or PDGF-CC, significantly promoted the therapeu-
tic resistance (Figures S6D and S6E), while suppressing the ER
expression (Figures S6F and S6G). Like FGFR, the inhibition of
PDGFR signaling by sunitinib partially abolished the cancer-pro-
moting effects of FOB cells in 3D co-cultures (Figure S6H),
further supporting the important roles of both FGFR and PDGFR
signaling in the BME-induced endocrine resistance.

The complicated impact of BME converges on an EZH2

We next asked how the discovered pathways cooperate to
silence ER and increase phenotypic plasticity. In the Epigenomic
Roadmap database, FGF2-regulated genes are enriched with
tri-methylation of H3K27, and sensitive to perturbation of EZH2
(Figure 6l). Consistently, PRC2 methyltransferase activity is
enhanced in cancer cells co-cultured with MSCs (Figure 5G).
Treatment of recombinant FGF2 increased H3K27me3 and
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EZH2 (Figures 6J, 6K, and S6l) but did not affect other H3 mod-
ifications (Figure S6J). Conversely, treatment of BGJ398
decreased EZH2 expression in 3D cancer-MSC co-cultures (Fig-
ure 6J). PDGF-DD yielded similar effects (Figures S61 and S6J).
Furthermore, calcium signaling affected EZH2 expression at
the RNA level (Figure S6K). Thus, the pathways that downregu-
late ER seem to converge on the regulation of EZH2.

EZH2 is a reliable marker for cancer stemness (Kim and Rob-
erts, 2016; Zhou et al., 2002). In ER" cancer cells, the PRC2
target genes were concertedly downregulated, whereas a stem-
ness signature (Varambally et al. 2020) was upregulated, by co-
culturing of OGs (Figures S6L-S6N), validating the connection of
EZH2 to cancer stemness. In addition, cancer-cell-intrinsic
EZH2 expression was specifically increased in BME compared
with other organs (Figure 6L).

EZH2 has been shown to silence ER expression in previous
studies (Reijm et al., 2011). To validate this, we carried out IF
staining in 3D co-cultures and observed an inverse correlation
between EZH2 and ER expression both in 3D cultures and in
bone lesions at a single-cell level (Figures 6M and 6N). Inhibition
of EZH2 enzymatic activity by an EZH2 inhibitor (EPZ011989)
(Campbell et al., 2015) led to restoration of ER expression at
the RNA level (Figure 60). The inverse changes of ER and
EZH2 were also observed in vivo between BMMs and macrome-
tastases (Figure 6P). Finally, the BME-induced increase in
H3K27me3 was reversible after several passages in vitro, again
suggesting a transient impact (Figure 6Q).

EZH2 inhibition induced ER expression in a murine
model, which is abolished by OGs in bone lesions

We sought to validate our findings in immunocompetent hosts.
Most murine BC cell lines are ER™, thereby limiting the possibility
of syngeneic experiments (Derose et al., 2011). However, some
murine models express ER in early-stage tumor progression,
e.g., MMTV-PyMT (Lin et al., 2003; Medina et al., 2002). AT3 is a
cellline derived from MMTV-PyMT (Guy et al., 1992). We reasoned
that it might express ER at some stage and examined if EZH2 in-
hibition restores ER expression in AT3. In mammary tumors, the
transient treatment of EZH2 inhibitor increased ER expression in
a durable fashion and to a level exceeding the threshold defining

Figure 5. BME drives a global phenotypic shift involving multiple pathways

(A) Experimental summary diagram to evaluate molecular in cancer cells exposed to BME. TRAP-seq was performed on 3D co-culture of MCF7 and OGs (MSCs),
RPPA on un-entrained (MCF7 and M7-SCP2) and bone-entrained cells (MCF7-Bo and M7-SCP2-Bo), and ATAC-seq on un-entrained (M7-SCP2) or bone-
entrained (M7-SCP2-Bo) cells.

(B) Box plot depicting gene signature alternations in MCF7 monoculture (MSC-) and co-cultures (MSC) from TRAP-seq. Analysis was performed using a non-
parametric and unsupervised GSVA (Hanzelmann et al., 2013). Specific colors represent different treatment conditions. (n = 4 biological replicates each with 3
technical replicates); p value: two-tailed unpaired Student’s t test.

(C) Waterfall plot showing the gene ontology analysis of TRAP-seq data from PANTHER classification system, based on false discovery rate (FDR).

(D) Heatmap depicting expression changes in luminal and stemness-related markers from RPPA data. Parental cells (MCF7 and M7-SCP2), and bone-entrained
BC cells (MCF7-Bo and M7-SCP2-Bo) are compared; N: 4 biological replicates and 3 technical replicates.

(E) Heatmap depicting EMT/MET markers from RPPA data as described in (D).

(F) Heatmap depicting receptor tyrosine kinases from RPPA data as described in (D).

(G) IF showing vimentin, E-cadherin, and keratin 8 expression in llA-induced bone MCF7 and ZR75-1 BoMs.

(H) Volcano plot showing epigenetic reprogramming of bone-entrained M7-SCP2 cells based on differentially enriched peaks from ATAC sequencing analysis.
2,644 peaks were significantly altered in bone-entrained M7-SCP2 (FDR < 0.05) and highlighted in pink.

(l) Volcano plot based on opened promotors identified by ATAC-seq analysis. FDR < 0.05 is highlighted in pink.

(J) Pie chart depicting the genomic distribution of differentially altered peaks between un-entrained and bone-entrained M7-SCP2 cells.

(K) Heatmaps and summary plots showing chromatin opening near the transcription start site TSS. 5,000 bp before and after TSS are represented.

(L) Genomic track showing peak variations in the ESR1 gene of un-entrained (M7-SCP2) and bone-derived (M7-SCP2-Bo) cells in blue and red color, respectively.
3 major peaks are highlighted epigenetic reversibility in M7-SCP2-Bo in vitro.
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Figure 6. Osteogenic cell-secreted FGFs promote endocrine resistance
(A) Network depicting functional protein association between FGFR1, PDGFRB, and ER using the STRING database. K means clustering (k = 3) was used to
represent 3 major centroids (depicted as red, green, and cyan spheres) and their most closely associated proteins based on unsupervised data mining.

(legend continued on next page)
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ER* tumors (Figures 7A, 7B, and S7A). Although the re-expression
of ER could not restore downstream estrogen signaling, it recapit-
ulated upstream regulation of ER expression by EZH2. Therefore,
we went on to determine how the aberrant expression of ERin AT3
cells might respond to BME. After IIA injection, ER expression in
AT3 was lost again in syngeneic mice, and this loss was especially
pronounced in regions adjacent to bone matrix (Figures 7C and
7D). Importantly, inducible depletion of osterix-expressing osteo-
precursor cells abolished the loss of ER (Figures 7C and 7D).
Taken together, these data validated that the OGs suppress ER
expression in BME.

Short-term inhibition of EZH2 restores sensitivity of
BMMs to endocrine therapies

Since EZH2 mediates the BME-induced endocrine resistance, we
hypothesized that inhibition of EZH2 should reverse this resistance
and synergize with endocrine therapies. Using the EZH2 inhibitor
EZP011989, we confirmed our hypothesis in vitro using MCF-7
cells. The synergy is especially strong on MCF-7-Bo cells (Fig-
ure S7B). Next, a four-arm in vivo experiment was used to ask if
combinatory treatment of EPZ011989 and fulvestrant at the micro-
scopic metastasis stage (to mimic adjuvant therapy) could lead to
decreased bone colonization. EPZ011989 and fulvestrant had lit-
tle-to-modest effects when used as single agents. However, the
combined treatment inhibited bone colonization and rendered
50% of mice tumor free on the basis of bioluminescence signals
(Figure 7E) and microCT (Figures 7F, S7C, and S7D). This is a
remarkable effect considering that EPZ011989 treatment only
lasts for 3 weeks. EPZ011989 treatment also sensitized ZR75-1
bone lesions to fulvestrant treatment (Figure 7G). Finally, we tested
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the combinatory treatment on PDX-based spontaneous BoM
models using PET imaging. Pretreatment of mice with
EPZ011989 inhibited spontaneous metastasis to bone, as shown
in the reduced 18F-FDG update (Figures 7H and S7E).

DISCUSSION

Phenotypic plasticity has been recognized as a major driving
force of normal development, tumor initiation, and tumor progres-
sion (Dravis et al., 2018; Gupta et al., 2019; Lambert et al., 2017).
The heterogeneity of ER expression in ER* tumors has long been
noticed and may reflect such plasticity. In this study, our data
demonstrate that even genetically identical ER* cancer cells
exhibit a substantial level of variation in ER expression. We uncov-
ered that the OGs trigger an adaptive epigenomic change in ER*
metastatic seeds through both paracrine signaling and direct cell-
cell contact and leads to increased phenotypic plasticity and ther-
apeutic resistance. These changes form a transient and reversible
effect on cancer cells, including those that are genetically homo-
geneous, which distinguishes this process from the clonal selec-
tion investigated in the past (Bos et al., 2009; Kang et al., 2003;
Minn et al., 2005). Indeed, our data suggest a coordinated action
between epigenomic adaptation and genetic selection.

Our study identified a number of pathways that are altered in
cancer cells by BME. Among these pathways, EZH2-mediated
epigenomic reprogramming is a leading candidate for therapeu-
tic intervention. It integrates multiple signals from OGs (e.g.,
FGF2 and PDGF-DD), and in turn, broadly impacts several
downstream pathways related to cancer stemness and metas-
tasis (e.g., WNT and Notch)(Gonzalez et al., 2014; Shi et al.,

(B) Graph showing the expression of all human 22 fibroblast growth factor (FGF) family proteins (FGF1-23) in OGs (FOB) RNA sequencing dataset (n = 3 technical

triplicates).

(C) IFimages of alkaline phosphatase (ALP) and basic fibroblast growth factor (FGF2/bFGF) in normal bone tissue. Nuclei is shown in blue (DAPI). Scale bar: 50 um
(D) IF images showing decreased ER expression in tumors established in FGF2 enriched BME.

(E) The scatter dot plot represents ER quantification from tumors according to FGF2 enrichment (Low and High) in adjacent stromal cells (n = 3—4 lesions). Mean
expression is represented in blue. The Gaussian curve simulates ER distribution based on nuclear intensity. Peaks: mean expression of ER.

(F) Immunoblots depicting the effect of recombinant FGF2 (20ng/ml) on ER expression in multiple BC models including PDX HCI011. Cells were treated for 24 h.
ER expression was summarized as connected dot plot graphs; n = 3 and 4 cell lines. p values: one-tailed unpaired Student’s t tests.

(G) Histogram showing effect of recombinant FGF2 (20ng/ml) on MCF7 and ZR75-1 cell growth in 3D; n = 6 technical replicates.

(H) Bone-in-culture-array (BICA) assay showing synergistic effects between 2.5 uM pan FGFR inhibitor (BGJ398) and 20 nM fulvestrant in MCF7 and ZR75-1
models. n = 6 technical replicates.

(I) Annotated bar plot showing the association of histone modifications with basic FGF (FGF2) gene signatures using the Enrichr platform (https://amp.pharm.
mssm.edu/Enrichr/). Processed ChlP-sequencing data were obtained from Epigenomic Roadmap Project (Roadmap Epigenomics Consortium et al., 2015).
Histograms represent the association score with FGF2 signaling. Signatures are sorted based on p value ranking. Only p values < 0.05 and <0.01 were shown for
the top and bottom panel, respectively.

(J) Immunoblotting showing alteration of EZH2 expression in multiple cells following a 24 h treatment with 1 pM pan FGFR inhibitor (BGJ398) or 20 nM FGF2
recombinant (FGF2r). Primary cells generated from HCI011 (ER* PDX) were cultured in 3D and treated with 1 uM pan FGFR inhibitor (BGJ398) or vehicle for 24 h.
Normalized EZH2 expression (/B-actin) was shown as dot plots. (n = 4 cell lines); p value: one-tailed unpaired Student’s t test.

(K) Dot plots depicting the effect of 20 nM recombinant FGF2 on H3k27me3 of multiple ER* BC 3D models, based on quantified IF images (n = 3 technical
replicates). p values: one-tailed paired Student’s t tests.

(L) IF quantification of EZH2 expression in paired metastases and orthotopic tumor. MCF7 cells were transplanted to bone and to mammary gland of nude mice,
which led to tumor formation at multiples sites, including lung, ovary, bone, and mammary gland. Metastatic tissues were harvested for IF quantification and
shown as a dot plot graph. (n = 3 images); Error bars: mean + SD.

(M) IF showing co-expression of ER and EZH2 in 3D monocultures and co-cultures (+FOB) models of MCF7 and PDX HCIO11. Scale bars: 50 um.

(N) Heatmap showing relative expression of nuclear ER and EZH2 in MCF7 and PDX HCI011 SCs as depicted in (M).

(O) Effect of the EZH2 inhibitor EPZ011989 on ESR1 mRNA expression after 24 h of treatment; n = 4 cell lines.

(P) Dot plots showing IF quantification of EZH2 and ER in MCF7 BMMs and macrometastases (n = 3-5 lesions). Error bars: mean + SD.

(Q) Reversibility of epigenetic changes based on post-translational modification (PTM) analysis. The percent changes in H3k27me3 between parental cells
(MCF7), M7-SCP2 and bone-derived (MCF7-Bo and M7-SCP2-Bo) after multiple passages in vitro (Passages: PO and P10). (n = 4 biological replicates); p values
are relatively to parental cells. The right panel depicts the temporal epigenetic changes (H3k27me3/H3)

(A-Q) p values were computed by two-tailed unpaired Student’s t tests unless otherwise noted.
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Figure 7. EZH2 integrates multiple signals from BME and drives the phenotypic shift of ER* breast cancer cells

(A) Scheme to evaluate ER loss in syngeneic murine models. AT3 cells were pretreated with EZH2 inhibitor (EPZ011989) for 2 weeks before being transplanted to
bone of wild-type or osterix-depleted C57BL/6 mice (Osx-cre= 2 ROSA-LoxP-DTR).

(B) IHC staining depicting ER expression in orthotopic tumors derived from EZP011989 pretreated AT3 cells.

(C) IHC staining of ER in BoM models presented in (A).

(D) Dot plots showing ER expression in lIA-induced AT3 BoM in control (WT-mice) and osteoprogenitor-depleted (Osx- cre® "2 ROSA-LoxP-DTR) mice at the
SC level.

(E) Progression free survival (PFS) curve of lIA-induced BoMs following treatment with the EZH2 inhibitor EPZ011989 or the ER inhibitor fulvestrant in combination
or as single agents. BL images show the effect of combination treatment on IIA-induced BoMs. (n = 9-10 mice); Log-rank test was used for survival analysis.
*p < 0.05.

(F) microCT and H&E images depicting tumor burden after pre-clinical experiment described in E. All groups revealed BoM formation except for combination
treatment group (EPZ > Fulvestrant).

(G) Growth curve showing the effect of EPZ011989 pretreatment on the fulvestrant response of endocrine resistant ZR75-1 BoMs. Single agent and combination
treatment groups are shown in blue and red, respectively. Multiple ANOVA was used for statistical analysis. BLI of metastatic burden at week 8 was shown as dot
plot. (n = 6 and 8 mice for fulvestrant and combination group, respectively. Error bars: mean + SD.

(legend continued on next page)
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2007). Moreover, potent and selective EZH2 inhibitors are avail-
able and are being clinically investigated in other diseases (ltal-
iano et al., 2018), making it relatively easy for future clinical appli-
cations. Pharmacological inhibition of EZH2 promotes a global
landscape change of histone marks (Huang et al., 2018). Tumors
that developed resistance to histone demethylase KDM5A/B
had increased EZH2 expression (Hinohara et al., 2018). Hence,
BME induction of EZH2 in BMMs may trigger an epigenomic
disturbance beyond H3K27me3.

The loss of ER expression during BoM appears to be transient.
In the advanced stage when the osteolytic vicious cycle starts
(Boyce et al., 1999; Kozlow and Guise, 2005; Weilbaecher
et al., 2011), ER expression may recover, perhaps driven by
the stimulatory effects of other stromal cells recruited to macro-
metastases. The positive spatial correlation between RANK and
ER supports this possibility. However, the BME-conferred endo-
crine resistance may persist in cells maintaining interactions with
OGs suggesting that additional mechanisms may be involved
(Eyre et al., 2019). Thus, overt BoMs may be heterogeneous,
including a subset whose ER signaling remains repressed, which
may be responsible for the rapid development of resistance
observed during metastatic treatments (Johnston, 2010).

Although our experiments focused on BoMs, we are not
ignoring the fact that other metastases also need to be pre-
vented and cured. Recent genomic analyses revealed frequent
metastasis-to-metastasis seeding (Brown et al., 2017; Ullah
et al., 2018), suggesting that bone may not be the final destina-
tion for cancer cell dissemination. In fact, over two-thirds of
bone-only metastases subsequently develop other metastases
(Coleman, 2001). The enhancement of stem cell signaling in
BME raises the possibility that bone may invigorate DTCs for
further metastases, and this possibility has recently gained
support in our co-submitted manuscript (Zhang et al., 2021).
Therefore, investigations on BoMs may have much broader
impacts.

Limitations of study

Our data did not address the question of whether the observed
effects are specific to the BME. It is possible that in non-bone or-
gans similar mechanisms also lead to increased phenotypic
plasticity via other cell types. Our study is also limited by the
lack of naturally occurring murine ER* models that recapitulate
endocrine responses and development of resistance, as well
as inability to stably tag all PDX models for linage tracing.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Estrogen Receptor alpha (D8H8)
EZH2 (D2C9)

Red Fluorescent Protein
Beta-actin (8H10D10)
Cytokeratin 19 (BA-17)

FGF2 (C-2)

Human PDGF R beta Antibody
Fgf Receptor 1 (D8E4) XP
Human Vimentin (VIM-V9-L-CE)
Vimentin (D21H3)

PDGF Receptor B (28E1) Rabbit mAb

Estrogen Receptor alpha
Monoclonal (6F11)

GFP (Htz-GFP19C8)

GFP (Htz- GFP19F7)

Cytokeratin 8 (k8)

Donkey Anti-Rat IgG 594

Donkey Anti-Mouse 1gG 647

Goat Anti-Rabbit IgG 488
Tri-methyl-Histone H3 (Lys27) Antibody
Tri-methyl-Histone H3 (Lys27) Antibody
Donkey Anti-Rabbit IgG 488

PR Antibody (H-190)

Total Histone 3

Acetyl-Histone H3 (Lys27) (D5E4) XP
Alkaline Phosphatase
Tri-Methyl-Histone H3 (Lys4) (C42D8)
Tri-Methyl-Histone H4 (Lys20) (D84D2)
Tri-Methyl-Histone H3 (Lys36) (D5A7) XP
Tri-Methyl-Histone H3 (Lys9) (D4W1U)

Cell Signaling Technology
Cell Signaling Technology
Rockland-Fisher

Cell Signaling Technology
Genetex

Santa Cruz

R&D Systems-Fisher

Cell Signaling Technology
Leica

Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific

Sloan-kettering
Sloan-kettering

DSHB

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
EMD Millipore

Cell Signaling Technology
Jackson ImmunoResearch
Santa Cruz Biotechnology
Biolegend

Cell Signaling Technology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat# 8644S; RRID: AB_2617128
Cat# 5246S; RRID: AB_10694683
Cat# 600-401-379; RRID: AB_2209751
Cat# 3700S; RRID: AB_2242334
Cat# GTX27755; RRID: AB_369536
Cat# sc-74412; RRID: AB_1122854
Cat# AF385-SP; RRID: AB_355339
Cat# 9740S; RRID: AB_11178519
Cat# VIM-V9-L-CE; RRID: AB_442141
Cat# 5741S; RRID: AB_10695459
Cat# 3169S; RRID: AB_2162497

Cat# MA1-80216; RRID: AB_930763

RRID: AB_2716737

RRID: AB_2716736

Cat# TROMA-I-s; RRID: AB_531826
Cat# 111-585-144; RRID: AB_2307325
Cat# 715-605-151; RRID: AB_2340863
Cat# 712-546-153; RRID: AB_2340686
Cat# 07-449; RRID: AB_310624

Cat# C36B11; RRID: AB_11220433
Cat# 711-545-152; RRID: AB_2313584
Cat# Sc-7208; RRID: AB_2164331
Cat# 819412; RRID: AB_2820128

Cat# 8173S; RRID: AB_10949503
Cat# ab108337; RRID: AB_10862036
Cat# 9751S; RRID: AB_2616028

Cat# 5737S; RRID: AB_10828431

Cat# 4909S;RRID: AB_1950412

Cat# 13969S; RRID: AB_2798355

Bacterial and virus strains

XL1-Blue Agilent Cat# 200236

Stbl3 Thermo Fisher Scientific C737303

Biological samples

PDX HCI011 Gift from Dr. Alana L. Welm’s Laboratory, N/A
University of Utah

PDX WHIM9 Gift from Dr. Matthew Ellis’s Laboratory, N/A

Baylor College of Medicine

Chemicals, peptides, and recombinant proteins

Human FGF-2
Human PDGF-BB
Human PDGF-CC
Human PDGF-DD
B-Estradiol

Miltenyi Biotec
PeproTech-Fisher
PeproTech-Fisher
R&D Systems
Sigma-Aldrich
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Cat# 130093838
Cat# 100-14B
Cat# 100-00CC
Cat# 1159-SB-025
Cat# E2758
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Streptavidin MyOne T1 Dynabeads N/A
Biotinylated protein L N/A
Cycloheximide, ultrapure, 98% Alfa Aesar™-Fisher Cat# J6690103

1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC)
Fulvestrant

4-Hydroxytamoxifen (4-OHT)
EPZ-011989-9

Anti-Fibroblast MicroBeads, human
BGJ398 (NVP-BGJ398)

FK506 (Tacrolimis)

Carbenoxolone disodium (CBX)
Sunitinib

1,2-dihexanoyl-sn-glycero-3-
phosphocholine

Selleck Chemicals
Sigma-Aldrich

Gift from Epizyme

Miltenyi Biotec

Selleck Chemicals

ApexBio Technology LLC
Tocris

Selleckchem-Fisher

Cat# 850305P-500 mg

Cat# S1191

Cat# H6278-10MG
N/A

Cat# 130-050-601
Cat# S2183

Cat# B2143

Cat# 3096

S7781

D-Luciferase Goldbio Cat# LUCNA-1G
Critical commercial assays

Nextera XT DNA Library Prep Kit lllumina Cat# FC-131-1096
Nextseq 500/500 high output v2 Kit lllumina Cat# FC-404-2002

CellTrace™ Far Red Cell Proliferation Kit
iScript™ Reverse Transcription Supermix

Lipofectamine RNAIMAX Transfection
Reagent

iBlot® Transfer Stack, nitrocellulose, mini

Thermo Fisher Scientific
Bio-rad
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# C34572
Cat# 1708841
Cat#13778030

Cat# 1B301032

NuPAGE™ Novex™ 4-12% Bis-Tris Protein Thermo Fisher Scientific Cat# NP0336BOX

Gels, 1.5 mm, 15-wel

Deposited data

SuperSeries for all sequencing datasets This Paper GSE160583

MCF7-MSC TRAP-sequencing dataset This Paper GSE137270

Human osteoblast dataset This Paper GSE137245

MCF7 bone metastasis evolving barcode This Paper GSE160566

dataset

Bulk-ATAC-seq SCP2 dataset This Paper GSE160582

Whole exome sequencing (WES) This Paper GSE161181

Experimental models: cell lines

Human breast cancer MCF7 ATCC Cat# HTB-22, RRID:CVCL_0031
Human breast cancer T47D ATCC Cat# HTB-133, RRID:CVCL_0553

Human breast cancer ZR75-1

Human breast cancer ZR75-30
Human breast cancer MDA-MB-361
Human pre-osteoblast FOB-1.19
Human mesenchymal stem cell MSC

Gift from Dr. Rachel Schiff’s Lab, Baylor
College of Medicine

ATCC
ATCC
ATCC

Gift from Dr. Max Wicha’s Laboratory,
University of Michigan

Cat# CRL-1500, RRID:CVCL_0588

Cat# CRL-1504, RRID:CVCL_1661
Cat# HTB-27, RRID:CVCL_0620
Cat# CRL-11372, RRID:CVCL_3708
N/A

Human Bone Marrow Lonza Cat# 2M-125C

Human pre-osteoclast U937 ATCC Cat# CRL-1593, RRID:CVCL_0007
Mouse pre-osteoblast MC3T3-E1 ATCC Cat# CRL-2953, RRID:CVCL_0409
Human bone marrow fibroblast Hs5 ATCC Cat# CRL-11882, RRID:CVCL_3720
Human primary cells HCIO11 This paper N/A

Experimental models: organisms/strains

Athymic Nude mice [Athymic Nude- Envigo N/A

Foxn1 nu]

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Scid/Beige mice [C.B-17/IcrHsd-Prkdc Envigo N/A

scid Lyst bg-J]

Osx1-GFP-cre/iDTR This paper N/A
Oligonucleotides

Silencer™ Negative Control Thermo Fisher Scientific AM4611
EZH2 siRNA (human) - ID: s4918 Thermo Fisher Scientific 4392420
EZH2 siRNA (human)- ID: s4916 Thermo Fisher Scientific 4392420
Oligos for gPCR This paper (Table S1) N/A

Recombinant DNA

3X ERE TATA luciferase

GFP-RPL10

pMD2.G

psPAX2

Pwpt-Fluc/GFP
Pwpt-Fluc/RFP
ERE-pWPXL/GFP

hgRNA-A21_pLKO-Puro

Lenti-iCas9-neo

A gift from Dr. Donald McDonnell to
Addgene, Duke University

Dr. William T. Pu’ Laboratory, Harvard Stem
Cell Institute

A gift from Didier Trono to Addgene, EPFL

A gift from Didier Trono to Addgene, EPFL

Wang et al., 2015
Wang et al., 2015

This paper (modified from Plasmid # 12257;
gift from Didier Trono to addgene) EPFL

A gift from George Church, Harvard
(Addgene plasmid # 10057)

A gift from Qin Yan, Yale (Addgene plasmid
# 85400)

Plasmid #11354,
RRID_Addgene_11354

NA

Plasmid# 12259,
RRID_Addgene_12259

plasmid #12260,
RRID_Addgene_12260

N/A
N/A
N/A

Plasmid # 100570.
RRID:Addgene 100570
Plasmid # 85400
RRID:Addgene_85400

Software and algorithms

Expanding Ploidy and Allele-Frequency on
Nested Subpopulations

Evolving barcode analysis

TraceQC
Rstudio
Galaxy project

ImagedJ

Flow Jo V10.0
LAS AF Lite

Living Image 4.5.2

Inveon Research Workplace (IRW)

Graphpad Prism

Combenefit

Stanford University

This Paper

Baylor College of Medicine
Rstudio

Penn State, Johns Hopkins University,
Oregon Health & Science University, and
the Galaxy Community

National Institute of Health
FlowdJo, LLC

Leica Microsystems
PerkinElmer

SIEMENS

GraphPad Software, Inc.

Cancer Research UK Cambridge Institute

https://CRAN.R-project.org/
package=expands

https://github.com/LiuzLab/
ER_positive_breast_cancer-manuscirpt

https://github.com/LiuzLab/TraceQC/
http://www.rstudio.com/

http://galaxyproject.org/

https://fiji.sc/
https://www.flowjo.com
RRID:SCR_013673
https://www.perkinelmer.com/lab-

products-and-services/resources/in-vivo-
imaging-software-downloads.html
https://www.siemens-healthineers.com/
en-us/molecular-imaging/preclinical-
imaging/inveon-workplace/
https://www.graphpad.com/scientific-
software/prism/
http://sourceforge.net/projects/
combenefit/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contac Dr. Xiang
H.-F. Zhang at xiangz@bcm.edu

Material availability
Plasmids and cell lines generated in the study will be made available upon request.

Data and code availability

Datasets were deposited in Gene Expression Omnibus (Edgar et al., 2002), with the following GEO accession numbers (GSE137245;
GSE137270, GSE160566, GSE160582, and GSE161181). The GEO Reference Series connecting all datasets is GSE160583. Bar-
code analysis pipeline is accessible at: https://github.com/LiuzLab/ER_positive_breast_cancer-manuscirpt.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies

All animal experiments were in compliance with Institutional Animal Care and Use Committee of Baylor College of Medicine. Nude
mice [Athymic Nude-Foxn1"] and SCID/Beige mice [C.B-17/IcrHsd-Prkdc scid Lyst bg-J] were purchased from Envigo. Osx1-GFP-
cre/iDTR was generated from Osx1-GFP-cre [B6.Cg-Tg(Sp7-tTA,tetO-EGFP/cre)1Amc/J] and STP-iDTR mice [C57BL/6-Gt(ROSA)
26Sortm1(HBEGF) Awai/J] originally obtained from Jackson Laboratory. For all in vivo experiment, 4- to 7-week-old female mice
were used.

Patient-derived xenografts (PDXs) and primary cells

ER+ PDX models were kindly provided by Alana L. Welm (HCI011) and Matthew Ellis (WHIM9). All PDXs were maintained in SCID/
Beige mice. PDX-HCIO011 primary cell line was successfully generated from freshly harvested orthotopic tumors in RPMI medium
supplemented with 15-20% FBS, 1X antibiotics Penicillin/Streptomycin and 1X antimycotic Amphotericin (Gibco#15240062). Media
was changed every 48 h.

Cell lines

Human estrogen receptor positive (ER+) breast cancer cell lines MCF7, T47D, MDA-MB-361 and ZR75-30, pre-osteoblast cells
hFOB-1.19, mesenchymal stem cells MSC, pre-osteoclast U937, and the mouse pre-osteoblast MC3T3-E1 were purchased from
American Type Culture Collection (ATCC). The Human ER+ breast cancer cell line ZR75-1 was kindly provided by Dr. Rachel Schiff.
MCEF?7 single cell derived populations M7-SCP1, M7-SCP2, M7-SCP3, and M7-SCP4 were generated from single clones of parental
MCF?7 cells. The mouse cell line AT3 was a kind gift of S.I. Abrams at Roswell Park Cancer Institute.

METHOD DETAILS

Ovariectomy and aromatase inhibition

Mouse ovaries were removed using the previously described surgical procedure (Strom et al., 2012). Briefly, mice were anesthetized
with 2% isoflurane, and placed on a temperature-regulated heat pad. The dorsal area covering the lumbar vertebrae was shaved to
display a 3x3 cm patch and disinfected. A 1 cm mid incision was performed on the skin and a 0.5 cm incision in the peritoneum al-
lowed access to the ovary. Each ovary was cauterized and removed and each peritoneum was closed using an absorbable suture
(Ethicon Vicryl #J497G). Skin closure was completed using EZ clips (Stoelting # 59027) and mice were monitored for recovery. Para-
crine estrogen was blocked with oral administration of 0.5 mg/kg Letrozole as previously described (Brodie et al., 2005).

Intra-iliac-artery (llA) and mammary fat pad (MFP) injections

Intra-iliac-artery (IlA) injection was performed as previously described (Yu et al., 2016). Briefly, breast cancer cells were trypsinized,
pelleted, washed twice with PBS, collected in cold PBS and kept on ice. For established breast cancer cell lines such as MCF7 and
ZR75, 5x10° cells were injected into the internal iliac artery to generate bone lesions. For PDX models, 2x10° cells were injected
except when specified otherwise. For the syngeneic and aggressive model AT3, 1x10° cells were injected. Mammary fat pad
(MFP) injections were performed as previously described (Zhang et al., 2019a). Cells were prepared as for IIA injection. For all xeno-
graft models except spontaneous metastasis from PDX-HCI011 (Figure 7), estrogen was provided through drinking water to reduce
deleterious side effects. Based on previous studies, 8 ng/ml of 17-B-estradiol was added to mouse water bottles and replaced twice a
week (Levin-Allerhand et al., 2003; Welsch et al., 1981). In experiments involving dual IlA and MFP injections as in Figure 1D, the same
cell number was injected to bone and mammary gland, respectively.
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Spontaneous metastasis from PDX models

To evaluate spontaneous metastases from PDX-HCI011, Foxn1™ mice were orthotopically transplanted with 5x10° cells from freshly
dissociated and purified tumor (Mouse Cell Depletion Kit; miltenyibiotec #130-104-694). Estrogen pellets were subcutaneously im-
planted to increase the tumor take rate. When tumors reached 1x1 cm, a survival surgery was performed to remove both the primary
tumors and the remaining estrogen pellets. A three-week treatment with vehicle or EPZ011989 (125 mg/kg; oral gavage; twice daily)
was started two weeks after orthotopic tumor removal. Then, 250 mg/kg of fulvestrant was administered weekly via subcutaneous
injection to both EPZ011989 and vehicle pretreated groups for 3 consecutive weeks. Mice were monitored for 3 months before 18F-
Fluorodeoxyglucose positron emission tomography (PET) and computed tomography (CT) scans were performed.

Drug treatments

In vivo

The selective estrogen receptor degrader (SERD) fulvestrant (Selleckchem #S1191) was solubilized in 5% DMSO and 95% corn oil
and administered subcutaneously at 250 mg/kg per mouse, once a week for 2 consecutive weeks. Letrozole was purchased from
Selleckchem (#S1235), diluted in 0.5% sodium carboxymethyl cellulose (NaCMC), and administered at 0.5 mg/kg via oral gavage.
EPZ-110989 was kindly provided by Epizyme and stock solutions were prepared following the company’s recommendations, using
0.5% sodium carboxymethyl cellulose (NaCMC) and 0.1% Tween-80 as vehicle. A dosage of 125 mg/kg of EPZ-011989 or vehicle
was administered twice daily by oral gavage for 3 weeks.

In vitro

Tamoxifen and fulvestrant were used in vitro at a concentration of 100 nM and 20 nM per well, respectively. 1-4 uM EPZ011989 was
used for coculture experiments. For calcium signaling studies, we used 1 uM of GAP19 (cat#5353) to inhibit gap junction (CX43), and
1 uM of FK506/Tacrolimus (cat#S5003) to block calcineurin. Similarly, 2.5 uM BGJ398 (selleckchem #S2183) and 10 uM Sunitinib
(Selleckchem #S7781) were used to inhibit FGF receptors and PDGF receptor B, respectively.

Immunohistochemistry, immunofluorescence, and immunoblotting

IHC/IF

Tissues were processed with the help of the Breast Center Pathology Core at Baylor College of Medicine. Immunohistochemistry
staining and immunoblotting were performed using antibodies against human ERa (D8H8 and 6F11), Progesterone Receptor (H-
190), EZH2 (D2C9), Cytokeratin 8 (TROMA-I), a-Smooth Muscle Actin (D4K9N), Vimentin (D21H3), RANK (64C1385), ALP
(ab75635), FGF2 (C2, #sc-74412), CD31 (AF3628), PDGFRp (28E1), H3K27me3 (C36B11). Western blot: Protein extraction was per-
formed using RIPA buffer as previously described (Rajapaksa et al., 2015). Protein electrophoresis and transfer were performed using
the XCell SureLock and the iblot system (Invitrogen), respectively. Immunoblotting was performed using antibodies against Estrogen
Receptor o (D8H8), Cytokeratin 19 (BA-17), Red Fluorescent Protein (Rockland-Fisher), B-actin (8H10D10), H3K27me3 (Millipore
Cat# 07-449), H3K36me3 (D5A7), H3K9me3 (D4W1U), H4K20me3 (D84D2), H3K4me3 (C42D8), and Histone 3 (D1H2). Images
were captured using the Odyssey system (Li-cor).

Image acquisition and quantification

Images were acquired with the Leica TCS SP5 or the Zeiss LSM 880 with Airyscan FAST Confocal Microscope. A 40x oil objective
lens (Immersion oil refractive index n=1.51) was used to capture images for immunofluorescence quantifications except when spec-
ified otherwise. We compared only sets of images that were captured under the same microscopic setting. To further reduce tech-
nical biases and batch effects, compared samples were processed and stained in parallel. Allimages were quantified using Imaged
1.52i. All statistical analyses represent a two-tailed unpaired Student’s t test except when specified otherwise. Whenever applicable
(Figures 1E, 1F, 3A-3C, 3E, 3G, 6E, 6K, 6L, 6P, and 7D), single cells from at least 3 biological replicates were used for statistical anal-
ysis. Figures 2J, and 6D are representative of at least 3 independent lesions.

Tumor classification

Based on size

metastases were classified based on cell number. On average, small lesions were defined as lesions with fewer than 100 cells. The
average maximum cell number common among all models was ~150 for macrometastases (large lesions) and ~90 for micrometa-
stases (small lesions) which gives a fold change superior to >1.5 between the two experimental stages of metastasis. The tumor size
in different models (HCIO11, WHIM9, MCF7, ZR75-1 and M7-SCP2) of bone metastasis was variable due to differences in tumor
aggressiveness. Accordingly, we used a cutoff of median +/- 0.5xS.D. as a more consistent variable to segregate tumors into micro-
metastasis and macrometastasis. Based on location: cancer cells were classified as proximal if they were directly interacting with the
bone matrix or separated from it by less than two cells (<2 cell distance), or classified as distal if separated from the bone matrix by 3
cells or more (>3 cell distance).

Recombinant protein and calcium treatments

All experiments involving protein recombinants were performed in low serum media (2% serum). Protein recombinants for FGF2
(#130093838), PDGF-BB (100-14B), PDGF-CC (100-00CC), PDGF-DD (1159-SB-025) were diluted in PBS and used at a concentra-
tion of 20 or 100ng/ml. To evaluate endocrine resistance after treatment with FGF2 and PDGF recombinants, cells were starved for
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48 hin 2% charcoal stripped media before a 20 nM fulvestrant treatment. All experiments involving cells growth were performed in 3D
culture and bioluminescence was assessed 72 h post treatment. For western blot, short term treatments were performed for 24 h and
long-term ones for up to 72 h. Western blot experiments were performed in 2D in most cases, except when specified otherwise. Cal-
cium treatment: 2x10° cells (MCF7 or ZR75-1) were cultured in regular medium for 24 hours. Regular medium was replaced with cal-
cium-free minimum essential medium (S-MEM) and treated with vehicle or 2 mM Calcium chloride for 24 h. After collecting all cells,
we extracted protein lysates to assess the effect of calcium on ER expression by western blot.

Live imaging

For in vivo experiments, all cells were pre-labelled with Luciferase fused to GFP or RFP as previously described (Wang et al., 2015).
5x10° breast cancer cells were injected in bone or mammary fat pad, except when specified otherwise. Tumor growth was monitored
using the IVIS Lumina Il system. Briefly, mice were anesthetized in an isoflurane chamber (2%) and 100 pl of D-Luciferin was admin-
istered through retro-orbital injection to each mouse before image acquisition. For in vitro experiments, 10,000 cells were plated in
low attachment 96 well plates to assess cell growth at 72 or 96 h post-treatment. For conditions demanding estrogen depleted media
and starvation, 20,000 cells were cultured per well. Images were acquired after adding 1X concentration of D-luciferin containing
media to each well.

Reverse phase protein arrays (RPPA)

MCF7 and M7-SCP2 cell lines were injected to bone using intra-iliac artery injection. After 5 weeks of metastasis formation, bones
were collected in aseptic conditions and dissociated to generate bone-entrained MCF7-Bo and M7-SCP2-Bo cell lines. Cells were
cultured in DMEM 10% FBS supplemented with 1X antibiotics (penicillin, streptomycin) and antimycotics (amphotericin). Bone-
educated cells were FACS-sorted and maintained in 2D culture. Approximately 5x10° non-entrained and bone-entrained MCF7
and M7-SCP2 cells were harvested in freshly prepared RPPA lysis buffer containing protease and phosphatase inhibitors. Protein
lysate was cleared twice via centrifugation (14,000 g for 15 min at 4 C). A BCA assay was adopted for protein quantification (Thermo-
Fisher #23225). All samples were diluted in RPPA solution and SDS to a final concentration of 0.5 mg/ml and heated for 8 minat 100°C
for protein denaturation. RPPA was performed as previously described (Welte et al., 2016). In brief, samples and control lysates were
spotted onto nitrocellulose-coated slides (Grace Bio-labs; array format of 960 lysates/slide or 2880 spots/slide). The automated slide
stainer Autolink 48 (Dako) was used to probe 236 antibodies (against total and phospho-proteins) on slides. Control slides were incu-
bated with antibody diluent. A biotinylated secondary antibody was probed by streptavidin-conjugated IRDye680 fluorophore (LI-
COR Biosciences) and total protein was detected with Sypro Ruby Protein Blot Stain according to the manufacturer’s instructions
(Molecular Probes). All slides were scanned on a GenePix 4400 AL scanner and images were analyzed with GenePix Pro 7.0 (Mo-
lecular Devices). Samples were normalized as previously described (Chang et al., 2015). After quality control 233 antibodies
remained and were used for subsequent data analysis.

PET/CT imaging and analysis

Radiopharmaceuticals and small-animal PET-CT

Fluorine-18 labeled fluorodeoxyglucose (18F-FDG), fluoroestradiol (18F-FES), and sodium fluoride (18F-NaF) was purchased from
(Cyclotope, Houston, TX). All CT and PET images were acquired using an Inveon scanner (Siemens AG, Knoxville, TN). The mice
were injected with 9.25 MBq (250 nCi) of FES and 11.1 MBq (300 nCi) of either 18F-FDG or 18F-NaF radiotracers at any given
time. To identify skeletal metastases or measure tumor metabolic activities, 18F-NaF or 18F-FDG were injected intraperitoneally,
and to measure estrogen activity 18F-FES was injected intravenously via tail vein. Before 18F-FDG administration, the mice were
fasted for approximately 12 h. PET and CT were performed 1 h after injection of radioisotopes. During imaging, a respiratory pad
was placed under the abdomen of the animal to monitor respiration (Biovet, Newark, NJ). Mice were anesthetized with isoflurane
gas (1-3%) mixed with oxygen at a flow rate of 0.5-1 L/minute, and adjusted accordingly during imaging to maintain normal breathing
rates. A CT scan was acquired with the following specifications: 220 acquired projections except for the 18F-NaF imaging which was
360 full scan. Each projection was 290 ms with x-ray tube voltage and current set at 60 kVp and 500 uA, respectively. A 30-minute
PET scan was immediately acquired afterward. The PET scans were reconstructed using OSEM3D reconstruction method and regis-
tered to the CT scan for attenuation correction. PET Image Analysis: The PET images were quantified using Inveon Research Work-
space IRW (IRW, Siemens AG, Knoxville, TN). Using the reconstructed PET scan, bone (hind limbs) and mammary fat pads were
manually selected to form regions of interest (ROI) on the PET-CT images. The data were represented as standardized uptake value
(SUV) normalized to body weight. For PDX spontaneous metastasis to bone, a 90% SUVmax thresholding was applied to ROI.

microCT imaging and analysis

A microPET/CT scanner (Siemens Medical Solutions USA, Inc; Malvern, PA; USA) was used to acquire microtomography images.
Paired murine hindlimb specimens with bone metastases were imaged with a spatial resolution of 20 microns. Images were con-
verted to Dicom format using Inveon software (version 4.2; Siemens) and bone analyses (volume and mineral density) and three-
dimensional reconstruction/visualization performed using Skyscan CTAn and CTVox software packages by Bruker (version 1.19
and 2.3.2; Kontich; Belgium).
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Mammosphere and coculture assays

5x10° cells were plated in low attachment 6 well plates (Greiner) using regular (10% FBS) of serum free DMEM/F12 media supple-
mented with 2-3% dextran-coated Charcoal stripped. We used a 1/1 ratio for cocultures between cancer cells and stromal cells
except when specified otherwise. Cells were collected after 24, 48, or 72 h of culture for downstream analyses. For immunofluores-
cence, cells were fixed with 2% PFA for 24 h, washed 3 times with PBS, embedded in paraffin, and sectioned for imaging.

Quantitative real-time PCR

Total RNA was extracted using the Direct-zol Zymo according to the manufacturer protocol. Copy DNA was synthesized using the
iScript cDNA Synthesis Kit (Biorad). All primers are indicated in Table S1. Real-time PCR was performed on the CFX connect system
(Biorad) using PowerUP SYBR Green master mix (Thermo Fisher, #A25780) for amplification.

Bulk ATAC sequencing (ATAC-seq) and analysis

ATAC-seq assay

ATAC-seq was performed as previously described (Buenrostro et al., 2015). Here, we collected 50,000 cells from parental (M7-SCP2)
and bone-entrained (M7-SCP2-Bo) cells at different passages (#2, #4, #6 and #12). DNA transposition was performed on freshly
collected cells using the Nextera Tn5 Transposase from lllumina. Purified DNA was stored at -80 °C for each passage before library
preparation. All experiments were performed in parallel in both parental and bone-entrained cells.

ATAC-seq analysis

Peak generation pipeline

Analysis was conducted with a modified version of the Encode Consortium’s ATAC-Seq Pipeline. Adapters were trimmed from
input FASTQ files using cutadapt. Alignment was performed using Bowtie2. Samtools and Picard were used for post alignment
filtering to remove duplicate, unmapped, and mitochondrial reads. Pseudo-replicates were generated for both individual replicates
and pooled replicates by randomly dividing the input into two equal length files. The MACS2 peak caller was utilized to generate
peaksets for all true replicates and pseudo-replicates. Peaks with p value < 107 were retained for further analysis. Peaks in the
Encode DCC consensus blacklist regions were also removed. Then, pairwise comparisons between each pair of biological rep-
licates, the two pseudo-replicates generated from the pooled replicate file, and pseudo-replicates generated from each replicate
were conducted. The Encode IDR (irreproducible discovery rate) was used to rank the consistency of each peak region; only
peaks with IDR<0.05 were retained. Further analysis was conducted using the overlap IDR thresholded peaks between pooled
pseudo-replicates.

Post-peak analysis

A consensus peakset was then generated by merging all the peak regions for the samples of interest using BedTools (Quinlan and
Hall, 2010). Promoter regions were retrieved from the UCSC genome browser and were defined as 5000 bases up and 1000 bases
down from the TSS. Heatmaps and profile plots for the peak and promoter regions were generated using the DeepTools (Ramirez
etal., 2014) utility. The IGV (Thorvaldsdaéttir et al., 2013) utility was utilized to generate visualizations for specific gene regions. Further
analysis utilized the DiffBind (Stark and Brown, 2011) suite to identify differentially accessible regions (DAR). Both promoter and
consensus peak regions were used as peaksets for occupancy and differential binding affinity analysis. DiffBind utilizes DeSeq2
to identify and calculate log fold change and p values for DAR. Contrasts were established between the MCF7 parental and
MCF7-Bo samples and the M7-SCP2 and M7-SCP2-Bo samples while controlling for passage number as a confounding factor. Diff-
Bind was also used to generate the PCA and Volcano Plots. DAR generated from Diffbind were then labelled with genes based on the
nearest TSS using HOMER (Heinz et al., 2010). HOMER's findMotifGenome module was also utilized to conduct motif analysis. The
input file consisted of regions with lower binding in M7-SCP2-Bo compared to M7-SCP2 with an FDR cutoff of <0.05. A region size of
200 and the masked genome setting were used. All other settings used the default HOMER options.

Whole-exome sequencing (WES)

WES library was prepared using the Nextera DNA exome kit (Illumina # 20020616) per manufacturer’s instructions and sequenced on
a Novaseq 6000 platform at ~100x depth (paired end 100bp, 50 million reads per sample). FastQC and mulitQc were used for quality
control. After adaptor removal using cutadapt and trim galore, reads were aligned to reference genome (hg19) using BWA-MEM.
BAM files were filtered, and duplicate reads removed using samtools (Li et al., 2009) and Picard. A normal whole exome sequencing
sample was downloaded for 1000-Genomes (ERR031938), aligned to the reference genome (hg19), and downsampled (http://
broadinstitute.github.io/picard/). We generated pileups from BAM files using samtools mpileup. Varscan 2 was used to call copy
numbers and somatic mutations (Koboldt et al., 2012, 2013). Only variant calls with p value < 102 were used for downstream ana-
lyses. Data processing was performed on public server (Afgan et al., 2018). To evaluate the heterogeneity and subclonality of all M7-
SCP cells, we used the Expands package (http://cran.r-project.org/web/packages/expands). For each sample, a Z-score analysis
was performed using the matrix of predicted subpopulation. Dominant subpopulations with a positive Z-score were used to assess
tumor heterogeneity represented by pie charts. Tumor purity was estimated based on cellular frequencies of the largest subpopu-
lation as previously described (Andor et al., 2014).
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Histone protein post-translational modification (PTM) analysis

Un-entrained (MCF7 and M7-SCP2) cells were either directly purified from bone (Passage 0: P0) or purified from bone and cultured
in vitro for 10 passages (P10). Each sample was washed 3 times with PBS and snap frozen pellets were shipped to Active Motif for
PTM quantitation (www.activemotif.com). Briefly, a pilot study was performed to determine the optimal histone extraction method for
the samples. Using the additional 6 samples, three lysis methods were evaluated: 1) A one-step method wherein histones are acid
extracted directly from the frozen cell pellet, 2) A two-step method wherein a sucrose-based hypotonic buffer is used to lyse the cells
and histones are acid extracted from isolated nuclei, or 3) A two-step method wherein an IGEPAL-containing hypotonic buffer is used
to lyse the cells and histones are acid extracted from isolated nuclei. Acid extraction was performed for 2 h at 4 °C, cellular debris was
pelleted, and lysate aliquots were frozen in a methanol-dry ice bath and stored at -80 °C until testing. Histone yields for the three
methods were evaluated using the Histone H3 Total bead and a two-fold five-point dilution series of the samples. The IGEPAL-con-
taining hypotonic lysis buffer method gave the highest yield and was selected for use with the experimental samples. Lysate Prep-
aration: Histones were extracted from the experimental samples using the method described above. Cellular debris was pelleted, and
lysate aliquots were frozen in a methanol-dry ice bath and stored at -80°C until testing. Next, relative histone H3 concentrations in the
samples were determined using the H3 Total bead. Multiplex assays were performed with the beads of interest using sample volumes
normalized for histone H3 concentration. Assay protocol: (1) Beads were added to wells in 25 pl Assay Buffer supplemented with
Inhibitor Cocktails (ABIC) for proteases, phosphatases and HDACs. (2) Samples as a four-point 1.4 dilution series were added to wells
in 25 ul ABIC in duplicate and incubated for 1 h at room temperature. (3) Three 100 ul washes with 1X Wash Buffer (PBS containing
0.05% Tween-20) were performed using plate magnet to retain beads. (4) 50 pl biotinylated Histone H3 antibody diluted 1:500 in
Assay Buffer was added for the high abundance PTM multiplex assay for 1 h with agitation. 50 pl biotinylated Histone H3 antibody
diluted 1:250 in Assay Buffer was added for the low abundance PTM multiplex assay for 1 h with agitation. (5) Washes were per-
formed as above. (6) 50 pl of SAPE diluted 1:100 in Assay Buffer was added to each well and incubated for 30 min with agitation.
7) Beads were collected on a plate magnet and the SAPE solution discarded. 8) The assay plate was removed from the plate magnet
and beads resuspended in 100 pl 1X Wash Buffer and read on the Luminex LX100 Instrument. Data analysis: Histone H3 Total
matched data sets were used to determine PTM/H3 ratios, the PTM percent change relative to each other and Student’s t test p
values.

Translating ribosome affinity purification (TRAP) sequencing (TRAP-seq)

TRAP assay was adopted from previous studies (Heiman et al., 2014). Here, we performed all experiments in 3D. We stably labeled
MCEF?7 cells with GFP-RPL10a plasmids kindly provided by Dr. William Pu from Harvard. Cells were sorted using FACSAria Il to enrich
for GFP-positive cells. GFP-RPL10a-expressing MCF7 cells were maintained in 2% charcoal stripped medium for 48 h from which 1
million cells were seeded in 100 mm low attachment plates (Corning, cat #05-539-101) either alone or in coculture with human
mesenchymal stem cells (MSCs). These cultures were incubated overnight and treated with 10 nM 17B-estradiol, fulvestrant or
100 nM Tamoxifen for 24 h. Cells were collected for TRAP sequencing. Library was prepared using illumina Nextera XT Kit and
paired-end sequencing was performed on a Nextseq 550 System. All sequencing experiments were performed at the Genomic
and RNA Profiling core (GARP) at Baylor College of Medicine.

Tracing metastasis expansion in bone using CRISPR-Cas9/hgRNA system

CRISPR-Cas9 barcoding

The hgRNA A21 vector was previously characterized and published (Kalhor et al., 2017). MCF7 cells were stably infected with Lenti-
iCas9-neo (Addgene #85400) and hgRNA-A21 (Addgene #100570) using Neomycin/puromycin antibiotic selection before intra-iliac
artery injection (IlA). To activate cas9 expression, mice were administered 2 mg/kg of doxycycline via intraperitoneal injection at day 1
post-lIA. Doxycycline treatment was repeated once a week for 3 more weeks (see experimental design Figure 1A).

Laser capture micro-dissection (LCM) and barcode sequencing

Tumor bearing limbs (femur and tibia) were isolated, embedded in Tissue-Tek O.C.T., snap-frozen in liquid nitrogen, and stored at
-80°C until sectioning. 10 um cryosections of each bone were generated using Leica CM3050S cryotome equipped with a low-profile
microtome blade. The chamber temperature was set at -26°C. Sectioning was facilitated with the Cryodane Tape Transfer System
and then placed on the PET membrane slides (MMI, Prod. No. 50103). Sections were fixed in ethanol and stained with DAPI and Arc-
turusTM HistoGeneTM solution (Applied Biosystems) according to the instruction manual. Microdissection was performed using the
Leica LMD7000 instrument. DNA was purified from each LCM-derived lesion using the Quick-DNA/RNA Microprep Plus Kit from
Zymo (D7005). The evolving barcode library was generated as previously described (Kalhor et al., 2017). A paired-end sequencing
was performed using the Hiseq 4000 system.

Bioinformatic analysis of the evolving barcode system

The R1 sequences were aligned and annotated using the TraceQC package (https://github.com/LiuzLab/TraceQC). First, the
CRISPR barcode sequences were aligned to the hgRNA_A21 reference construct using the following score system: match +2,
mismatch -2, gap opening -6, gap extension -0.1. After annotating the aligned sequences, the adapters were trimmed off and se-
quences with low alignment scores (<200) were filtered out. Sequences with less than 10 count were subsequently filtered out.
TraceQC extracted mutation events from the sequence into 4 attributes: 1) the mutation type (insertion, deletion or point mutation),
2) the starting position of mutation, 3) the length of mutation, and 4) the altered sequence. We combined the mutation events for all the
samples into a mutation count matrix and normalized samples using the read count per million (RPM) approach. The hierarchical
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clustering based on mutations revealed 3 major modules. Within each module, the mutation count matrix was binarized into whether
each mutation event exists in the samples or not: TRUE (mutation present) or FALSE (mutation absent). Then, we used maximum
parsimony to establish the lineage relations within each module. To build the cell lineage network, we performed graphic LASSO us-
ing the Huge package. First, the mutation count matrix was Gaussianized using non-paranormal transformation provided by Huge
package. Then, the graphic LASSO was applied to the Gaussianized mutation count matrix. We selected lambda = 0.52 to make
the graph have the maximum sparsity while remaining fully connected. Next, we applied a random walk-based community detection
algorithm to detect the 3 modules in the graph. The algorithm is provided by the iGraph package. Detailed analysis pipeline is acces-
sible at: https://github.com/LiuzLab/ER_positive_breast_cancer-manuscirpt.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis was conducted in GraphPad Prism (v8.0.1) and R (version 3.4 R). Specific statistical approaches are indicated for each

figure in the figure legend. For PET imaging, Mann Whitney U-test was used for statistical analysis. Pearson correlation was used for
correlation studies.
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CANCER

Harnessing the power of antibodies to fight

bone metastasis

Zeru Tian'", Ling Wu?!, Chenfei Yu', Yuda Chen’, Zhan Xu? Igor Bado?, Axel Loredo’,
Lushun Wang’, Hai Wang?, Kuan-Lin Wu', Weijie Zhang?, Xiang H.-F. Zhang?*, Han Xiao

Antibody-based therapies have proved to be of great value in cancer treatment. Despite the clinical success of
these biopharmaceuticals, reaching targets in the bone microenvironment has proved to be difficult due to the
relatively low vascularization of bone tissue and the presence of physical barriers. Here, we have used an innovative
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bone-targeting (BonTarg) technology to generate a first-in-class bone-targeting antibody. Our strategy involves
the use of pClick antibody conjugation technology to chemically couple the bone-targeting moiety bisphospho-
nate to therapeutic antibodies. Bisphosphonate modification of these antibodies results in the delivery of higher
conjugate concentrations to the bone metastatic niche, relative to other tissues. In xenograft mice models, this
strategy provides enhanced inhibition of bone metastases and multiorgan secondary metastases that arise from
bone lesions. Specific delivery of therapeutic antibodies to the bone, therefore, represents a promising strategy for

the treatment of bone metastatic cancers and other bone diseases.

INTRODUCTION

Antibody-based therapies, including those using monoclonal anti-
bodies, antibody-drug conjugates, bispecific antibodies, checkpoint
inhibitors, and others, have realized their clinical potential in terms
of their power to treat a variety of cancers (1-4). Nevertheless, de-
spite the fact that most therapeutic antibodies have high affinities
for their targets, the presence of these same targets in normal tissues
can markedly limit the ability of therapeutic agents to hit their
targets without inducing unacceptable “on-target” toxicity in healthy
cells (5-7). Furthermore, low levels of delivery of therapeutic anti-
bodies to some tissues such as brain or bone can significantly limit
their efficacy in treating diseases in these tissues (8). Thus, it is likely
that enhancing both the antigen and tissue specificity of antibodies
will ultimately transform the efficacy of antibody therapy for clinical
treatment of cancer.

Half of patients with an initial diagnosis of metastatic breast cancer
(BCa) will develop bone metastases (9). Patients having only skeletal
metastases usually have a better prognosis than patients with vital
organ metastases (9, 10). Furthermore, bone metastasis is associated
with severe symptoms such as spinal cord compression, pathological
fractures, and hypercalcemia (11). Despite our deep understanding
of molecular mechanisms (12, 13), effective therapies that can elim-
inate cancer cells in the bone niche are still lacking (14). The bone is also
not the final destination of metastatic dissemination. Recent genomic
analyses have revealed frequent “metastasis-to-metastasis” seeding
(15-17). More than two-thirds of bone-only metastases subsequently
develop secondary metastases to other organs, ultimately leading to
the death of patients (9, 10). Some metastases initially identified in
non-bone organs are actually the result of seeding from subclinical
bone micrometastases (BMMs). This apparently is the result of cancer
cells initially arriving in the bone and then acquiring more aggressive
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phenotypes that allow them to establish more overt metastases in
both bone and other sites (18). It should therefore be useful to develop
strategies for preventing BMMs from establishing more overt
metastases in both bone and non-bone tissues.

While targeted antibody therapy and immunotherapy are now
emerging as new avenues for treating metastatic BCa, the performance
of these agents in patients with bone metastases has been disappoint-
ing. For example, trastuzumab (Tras; Herceptin) and pertuzumab
(Perjeta) antibodies targeting human epidermal growth factor re-
ceptor 2 (HER2) have been used to treat patients in adjuvant and
metastatic settings. Although many BCa patients benefit from these
treatments, in large numbers of BCa patients with bone metastasis,
the disease progresses within 1 year, and few patients experience
prolonged remission (19-22). In another phase 3 clinical trial test-
ing atezolizumab in patients with metastatic triple-negative BCa,
progression-free survival was significantly longer in the atezolizumab
group than in the placebo group. However, among BCa patients
with bone metastases, no significant difference was observed be-
tween the atezolizumab-treated and placebo groups for risk of pro-
gression or death (23). Therapies with improved outcomes for BCa
patients with bone metastases are therefore highly desired.

Attempts to ensure effective concentrations of a therapeutic
drug in the bone unavoidably lead to high concentrations in other
tissues as well, often resulting in adverse systemic effects or side
effects that may limit or exclude the use of the drug (24, 25). In this
case, the potential benefit of passive targeting is lost. Here, we de-
scribe an innovative bone-targeting (BonTarg) technology that en-
ables the tissue-specific delivery of therapeutic antibodies to the
bone via conjugation of bone-targeting moieties. The resulting
bone-targeting antibodies can specifically target the bone metastatic
niche to eliminate BMMs and also prevent seeding of multiorgan
metastases from bone lesions. Taking advantage of the high mineral
concentration unique to the bone hydroxyapatite (HA) matrix, bis-
phosphonate (BP) conjugation has been used for selective delivery
of small molecule drugs, imaging probes, nuclear medicines, and
nanoparticles to the bone as a means of treating osteoporosis,
primary and metastatic bone neoplasms, and other bone disorders
(24, 26-30). Negatively charged BP has a high affinity for HA, which
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is the main component of hard bone, resulting in preferential bind-
ing to the bone. However, the potential benefit of bone-specific de-
livery of large therapeutic proteins to the bone by modifying BP has
not yet been explored. We have used pClick conjugation technology
to site-specifically couple the BP drug Alendronate (ALN) to the
HER2-targeting monoclonal antibody Tras. In two xenograft models
based on intra-iliac artery (ITA) injection, the resulting Tras-ALN
conjugate significantly enhances the concentration of therapeutic
antibody in the bone metastatic niche, inhibits cancer development
in the bone, and limits secondary metastases to other organs. This
type of specific delivery of therapeutic antibodies to the bone has
the potential to enhance both the breadth and potency of antibody
therapy for bone-related diseases.

RESULTS

Development of the first bone-targeting antibody

using BonTarg technology

To explore the possibility of specifically delivering therapeutic anti-
bodies to the bone via conjugation to BP molecules, we designed a
model using the HER2-targeting antibody Tras and the BP drug
ALN. ALN is a second-generation BP drug that is used as a bone-
targeting agent as well as a regimen for treating osteoporosis and
bone metastasis (31). To ensure that ALN conjugation does not im-
pair the therapeutic efficacy of the antibody, we have used a novel
proximity-induced antibody conjugation strategy named pClick.
pClick technology enables the site-specific attachment of payloads
to native antibodies under mild conditions, thus minimizing the
disruption of binding to the antigen receptor or the FcyRIII recep-
tor, the receptor responsible for activating antibody-dependent
cell-mediated cytotoxicity. The pClick technology does not rely on
antibody engineering or on the ultraviolet/chemical/enzymatic treat-
ments that characterize the generation of most therapeutic antibodies.
To prepare the Tras-ALN conjugate, we first used pClick to gener-
ate Tras containing an azide functional moiety, followed by reaction
with bicyclo[6.1.0]nonyne (BCN)-functionalized ALN (Fig. 1A and
figs. S1 to S3). The resulting Tras-ALN was further purified on a
desalting column and fully characterized by SDS-polyacrylamide gel
electrophoresis (PAGE) and electrospray ionization mass spectrom-
etry (ESI-MS) (Fig. 1, B and C). To our delight, no unconjugated
heavy chain or degradation products were revealed by SDS-PAGE,
indicating a more than 95% coupling efficiency. ESI-MS analysis
also revealed that more than 95% of the heavy chain was conjugated
with the ALN molecule.

Antibody conjugation to ALN retains antigen binding

and specificity

To investigate the effect of ALN conjugation on antigen-binding
affinity and specificity, binding affinities of Tras and Tras-ALN
were assessed by flow cytometry analysis of HER2-positive and
HER2-negative cell lines. Figure 1D reveals that both Tras and Tras-
ALN have strong binding affinities for the HER2-expressing cell
lines BT474, SK-BR-3, and MDA-MB-361, but not for the HER2-
negative cell line MDA-MB-468, suggesting that the antibody
specificity was not altered by ALN conjugation (table S1). The dis-
sociation constant (Kg) values for binding to HER2-positive cells
are within a similar range for Tras and Tras-ALN (BT474, 3.0 versus
3.8 nM and SK-BR-3, 2.3 versus 3.0 nM, respectively), indicating
that ALN conjugation does not affect the strength of antigen binding

Tian etal., Sci. Adv. 2021; 7 : eabf2051 23 June 2021

(figs. S4 to S7). Confocal fluorescent imaging further confirms that
Tras-ALN retains antigen binding and specificity (fig. S8). HER2-
positive BT474 and SK-BR-3 cells, and HER2-negative MDA-MB-468
cells were incubated for 30 mins with fluorescein isothiocyanate
(FITC)-labeled Tras-ALN. Confocal imaging indicates that cell surface-
associated fluorescence is only exhibited for HER2-positive BT474
and SK-BR-3 cells and not for HER2-negative MDA-MB-468 cells
(fig. S8). Thus, ALN modification of Tras does not affect its antigen-
binding affinity and specificity. Next, the Tras-ALN conjugate was
tested for selective cytotoxicity against HER2-expressing and HER2-
negative BCa cells. As shown in Fig. 1 (E and F) and table S1, the
Tras-ALN conjugate exhibits cytotoxic activity against HER2-positive
BT-474 cells [median effective concentration (ECsp) of 2.3 £ 0.7 ug/ml]
and MDA-MB-361 (ECsg of 78 + 21 pug/ml) that is indistinguishable
from that of Tras (ECs of 1.4 + 0.9 ug/ml and ECs of 57 + 10 ug/ml).
Neither antibody kills HER2-negative MDA-MB-468 cells (ECs, >
500 pg/ml). These results indicate that the conjugation of the nega-
tively charged moiety ALN preserves the antigen binding and in vitro
antitumor cell activity of the Tras antibody.

Enhanced targeting of the bone metastatic niche by
Tras-ALN in vitro and in vivo

We next explored the ability of the Tras-ALN conjugate to target
bone tissue. Nondecalcified bone sections from C57BL/6 mice were
incubated overnight at 4°C with Tras or Tras-ALN conjugate
(50 pg/ml), followed by labeling with FITC-labeled anti-human
immunoglobulin G (IgG). Before imaging via confocal laser scan-
ning microscopy, these bone sections were further stained for 30 min
with xylenol orange (XO, 4 pg/ml; known to label bone). We ob-
served an FITC signal in sections stained with the Tras-ALN conjugate
but not in sections stained with unmodified Tras (Fig. 1G). Further-
more, localization of the Tras-ALN signal correlated well with the
XO signal, confirming the specific targeting of the bone by Tras-
ALN. To quantify the difference in affinity between binding of the
Tras-ALN conjugate and unmodified Tras, we incubated Tras-ALN
and Tras with HA or native bone. As shown in Fig. 1 (H and I), un-
modified Tras exhibited only slight binding to HA or native bone.
Even with an increase in the incubation time, the binding affinity of
Tras did not change significantly. In contrast, approximately 80 to
90% of Tras-ALN was bound to HA and the native bone after 2 and
10 hours, respectively.

Encouraged by the in vitro bone-targeting ability of ALN-conjugated
Tras, we carried out an in vivo biodistribution study with the Tras-
ALN conjugate using a tumor xenograft model. To facilitate the
detection of antibodies in vivo, we first conjugated Tras and Tras-
ALN with Cyanine 7.5 (Cy7.5)-N-hydroxysuccinimide ester. The
resulting Cy7.5-labeled conjugates were analyzed using SDS-PAGE. As
expected, fluorescence was associated only with the Cy7.5-labeled
conjugates (Fig. 1B). An important feature of BP is that the uptake
into bone metastases is much higher than in healthy bone tissue
due to the relatively low pH of the bone metastatic microenvi-
ronment (32-35). To investigate whether Tras-ALN can specifically
target bone metastases, thus minimizing on-target toxicity to nor-
mal bone tissue, we evaluated the targeting properties of Tras-ALN
in a bone tumor model. We created a BMM model by using ITA
injection of MDA-MB-361 cells labeled with luciferase and red
fluorescent protein (RFP) into the right hindlimbs of nude mice.
ITA injection is a novel technology recently developed in our lab-
oratory for establishing BMMs. Our method allows for selective
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Fig. 1. Preparation and characterization of bone-targeting antibodies. (A) Therapeutic antibodies can be site-specifically delivered to the bone by pClick conjugation
of BP molecules that bind to the bone HA matrix. (B) SDS-polyacrylamide gel electrophoresis (PAGE) analysis of Tras, Tras-ALN, and their near-infrared (NIR) fluorophore
conjugates under reducing and nonreducing conditions, visualized by Coomassie blue staining (left) and a fluorescence scanner (right) (C) Mass spectrometry analysis of
Tras and Tras-ALN. a.u., arbitrary units; m/z, mass/charge ratio. (D) Flow cytometric profiles of Tras and Tras-ALN binding to BT474 (HER2***), SK-BR-3 (HER2***), MDA-
MB-361 (HER2™™), and MDA-MB-468 (HER2") cells. (E and F) In vitro cytotoxicity of Tras and Tras-ALN against BT474 and MDA-MB-468 cells (data represent the means + SD
for three independent repeats). (G) Differential bone-targeting ability of unmodified Tras and Tras-ALN conjugate. Nondecalcified bone sections from C57/BL6 mice were
incubated with Tras or Tras-ALN (50 pug/ml) overnight, followed by staining with fluorescein isothiocyanate (FITC)-labeled anti-human IgG and XO (4 pg/ml) (known to
label bone). Differential interference contrast (DIC). Scale bars, 200 um. (H and 1) Binding kinetics of Tras and Tras-ALN to HA and native bone. (J) Ex vivo fluorescence
images of lower limbs of athymic nude mice bearing MDA-MB-361 tumors 24, 96, or 168 hours after the retro-orbital injection of Cy7.5-labeled Tras and Tras-ALN. Tumor
cells were inoculated into the right limbs of nude mice via IlA injection. (K) Nondecalcified bone sections from the biodistribution study were stained with FITC-labeled
anti-human IgG (green), RFP (red), and DAPI (blue), Scale bar, 100 um.
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delivery of cancer cells into hindlimb bones without causing tissue
damage (36-38). This technology allows sufficient time for some
indolent cells to eventually colonize the bone and a large number
of cancer cells to specifically colonize the bone, thereby enriching
micrometastases in early stages. This allows for swift detection and
robust quantification of micrometastases. The establishment of micro-
metastases was followed by treatment with Tras or Tras-ALN (1 mg/kg).
Twenty-four, 96, or 168 hours after administration of antibody
or antibody conjugate, the major organs, including the heart, liver,
spleen, kidney, lung, and bone, were removed and analyzed using
the Caliper IVIS Lumina II imager (Fig. 1] and fig. S9). Significantly,
ex vivo fluorescence images at 96 hours after injection of antibody
confirmed clear accumulation of Cy7.5-labeled Tras-ALN in the
bone compared with Cy7.5-labeled Tras (Fig. 1] and fig. S10). Further-
more, the uptake of Tras-ALN into cancer-bearing bones is significantly
higher than into healthy bone tissue. To evaluate the distribution of
Tras-ALN to other bone tissues, such as the backbone, breastbone,
harnpan, and nontumor-bearing limbs, Cy7.5-labeled Tras (1 mg/kg)
or Tras-ALN (1 mg/kg) were administrated to tumor-bearing mice
by retro-orbital injection. Seventy-two hours after the administra-
tion, the major organs and bones were isolated and imaged using
Caliper IVIS Lumina IT imager (fig. S11). Comparing with other bones,
Tras-ALN preferred to target the tumor-bearing limbs, which was
consistent with the previous results that BPs preferred to target
acidic bone metastatic sites comparing with healthy bone (34). In a
separate study, unlabeled Tras-ALN (1 mg/kg) was administered into
the nude mice bearing MDA-MB-361 tumor in the right hindlimb.
Bone sections from this study were also stained with FITC-labeled
anti-human IgG, RFP, and 4’,6-diamidino-2-phenylindole (DAPI).
We only observed FITC signals in sections from the right leg har-
boring MDA-MB-361 tumors. No FITC signals were detected in the
left leg without tumors (Fig. 1K). Significantly, the FITC signal cor-
related well with the red fluorescence of MDA-MB-361 cells, suggest-
ing that Tras-ALN conjugate selectively targets the bone metastatic
site but not the healthy bone. These results demonstrate that ALN
conjugation can significantly enhance the delivery and concentra-
tion of therapeutic antibodies in bone metastatic sites.

Next, we evaluated the effect of ALN-conjugation on the phar-
macokinetics and neonatal Fc receptor (FcRn) binding of antibodies.
A single dose of Tras and Tras-ALN (1 mg/kg) in phosphate-buffered
saline (PBS) were injected retro-orbitally, and serum was collected
at regular intervals for 7 days and analyzed by the Trastuzumab
enzyme-linked immunosorbent assay (ELISA) Kit. The serum con-
centration of both Tras and Tras-ALN decreased and did not show
significant differences (fig. S12). Next, we determined the effect of
ALN conjugation on FcRn binding. We found that the ALN conju-
gation does not have an obvious effect on the FcRn binding at
pH 6.0 (table S2).

Enhanced therapeutic efficacy of Tras-ALN against BMMs

To determine whether bone-targeting Tras represents a novel ther-
apeutic approach for treating micrometastases of BCa in the bone,
we carried out a xenograft study using MDA-MB-361 cells in nude
mice. MDA-MB-361 cells that endogenously overexpress HER2 are
known to metastasize to bones (39). Using IIA injection, we inocu-
lated the right hindlimbs of nude mice with 5 x 10° MDA-MB-361
cells labeled with firefly luciferase. Five days after the ITA injections,
mice were treated with PBS, ALN (10 ug/kg), Tras (1 mg/kg), or
Tras-ALN (1 mg/kg) via retro-orbital injection. As shown in Fig. 2A and
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fig. S13, micrometastases in PBS- and ALN-treated mice accumulated
rapidly, while the development of lesions in Tras- and Tras-ALN-
treated mice was delayed. Whole-body bioluminescence imaging (BLI)
signals suggested that treatment with Tras-ALN resulted in more
significant inhibition of micrometastasis progression, compared to
that seen in Tras-treated mice (fig. S14, A and B). The increases in
BLI from days 6 to 87 showed that the Tras-ALN-treated group had
fewer fold increases in the tumor sizes compared to Tras-treated
group (Tras versus Tras-ALN: 1965.1 + 798.3 versus 42.6 + 23.4;
Fig. 2, B and C). As we built the bone metastasis in the hindlimbs,
the effect of Tras-ALN on the BLI signal in the hindlimbs was also
quantified. Similar to whole-body BLI signal, Tras-ALN-treated
group had less BLI signal intensity and fewer fold increase in the
hindlimbs (fig. S15). Moreover, survival of Tras-ALN-treated
mice was notably enhanced compared to that of PBS-, ALN-, and
Tras-treated mice, demonstrating the efficacy of Tras-ALN against
HER2-positive cells in vivo (Fig. 2D). Furthermore, no weight loss
as a sign of ill health was observed in any of the treated mice,
suggesting the absence of toxicity associated with the bone-targeting
antibodies (Fig. 2E).

These results were further confirmed by micro-computed to-
mography (microCT) data and histology, emphasizing the finding
that bone-targeting antibodies can decrease both the number and
the extent of osteolytic lesions. As shown in Fig. 2F and fig. S16,
femurs from PBS-, ALN-, and Tras-treated groups exhibited signif-
icant losses of bone mass, while bone loss in the Tras-ALN-treated
group was much reduced. Quantitative analysis revealed that the
Tras-ALN-treated group had significantly higher bone volume frac-
tion [6B: BV/TV (%), 35.08 + 2.65 versus 56.67 + 1.02, P = 0.0005;
Fig. 2G], trabecular thickness [Tb.Th (mm), 0.061 + 0.003 versus
0.094 £ 0.002, P = 0.003; Fig. 2H], and higher trabecular bone mineral
density (BMD; mg/mm?®), 101.16 + 12.24 versus 165.94 + 12.84,
P =0.035; Fig. 2I] compared to the Tras-treated group.

Tumor size was also analyzed by histomorphometric analysis of
the bone sections. Tibiae and femurs from the PBS- and ALN-treated
groups had high tumor burdens (Fig. 2J). Tras treatment slightly
reduced the tumor burden, but the reduction was not statistically
significant. In contrast, a significant reduction of tumor burden was
observed in the Tras-ALN-treated group. Histological examination
of the bone samples from various treatment groups reveals that bone
matrix is generally destroyed in bones with high tumor burden,
whereas bones with less tumor burden in the Tras-ALN-treated
group exhibit intact bone matrix. The reduction of tumor burden
was also confirmed by HER2 immunohistochemistry (IHC). As shown
in Fig. 2K, the number of HER2-positive BCa cells is markedly de-
creased in Tras-ALN-treated mice, although HER2 expression by
individual tumor cells is unchanged. This suggests that extended
treatment with Tras-ALN has no effect on HER2 expression by
MDA-MB-361 cells.

To examine Tras-ALN inhibition of tumor-induced osteolytic bone
destruction, we examined the bone-resorbing, tartrate-resistant, acid
phosphatase—positive multinucleated osteoclasts in bone samples
(Fig. 2K). Tartrate-resistant acid phosphatase (TRAP) staining iden-
tified reduced numbers of osteoclasts (pink cells) lining the eroded
bone surface in Tras-ALN-treated mice, compared to Tras-treated
mice (Fig. 2, Kand L, and fig. S17). Serum TRAcP 5b and calcium
levels, indicators of bone resorption, were also measured at the ex-
perimental endpoint. Significantly higher reductions in bone resorp-
tion were observed in the Tras-ALN-treated group (Fig. 2, M and N).
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Fig. 2. Tras-ALN inhibits BCa metastases in the bone. (A) MDA-MB-361 cells were IIA injected into the right hindlimb of nude mice, followed by treatment with PBS
(n=5), ALN (10 pg/kg retro-orbital injection in PBS twice a week, n=5), Tras (1 mg/kg retro-orbital injection in sterile PBS twice a week, n=10), and Tras-ALN conjugate
(the same as Tras, n = 10). Tumor burden was monitored by weekly bioluminescence imaging (BLI). (B) Fold change in mean luminescent intensity of MDA-MB-361 tumors
in mice treated as described in (A), two-way ANOVA comparing Tras to Tras-ALN. (C) Fold change in individual luminescent intensity of HER2-positive MDA-MB-361 tu-
mors in mice treated as described in (A). (D) Kaplan-Meier plot of the time-to-euthanasia of mice treated as described in (A). For each individual mouse, the BLI signal in
the whole body reached 107 photons s™' was considered as the endpoint. (E) Body weight change of tumor-bearing mice over time. (F) MicroCT scanning in the supine
position for groups treated with PBS, ALN, Tras, or Tras-ALN 82 days after tumor implantation. (G) Quantitative analysis of bone volume fraction (BV/TV). (H) Quantita-
tive analysis of trabecular thickness (Tb.Th). (I) Quantitative analysis of trabecular bone mineral density (BMD). (J) Representative longitudinal, midsagittal hematoxylin
and eosin (H&E)-stained sections of tibia/femur from each group. T, tumor; B, bone; BM, bone marrow. (K) Representative images of HER2 and TRAP staining of bone
sections from each group. (L) Osteoclast number per image calculated at the tumor-bone interface in each group [pink cells in (K) were considered as osteoclast positive
cells]. (M) Serum TRACP 5b levels of mice treated as described in (A). (N) Serum calcium levels of mice treated as described in (A). P> 0.05 [not significant (n.s.)], *P < 0.05,
**P <0.01, and ****P < 0.0001.

Together, these results indicate that BP modification of therapeutic ~ xenograft study in nude mice using both mammary fat pad and ITA
antibodies significantly enhanced their ability to retard the develop-  injections. For the cells inoculated in the right hindlimbs, we used
ment of micrometastasis-induced osteolytic lesions (table S3). luciferase-labeled MDA-MB-361 cells (2 x 10°). For the mammary

To further evaluate the therapeutic efficacy of Tras-ALN in the fat pad injection, we injected with nonlabeled MDA-MB-361 cells
presence of both primary and secondary tumors, we carried out a (1 x10°). Six days after injection, mice were treated with Tras (1 mg/kg)
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and Tras-ALN (1 mg/kg). The tumor progressions of primary and
bone metastasis were monitored by tumor size measurement and
bioluminescence, respectively. Compared with the Tras-treated group,
Tras-ALN had a significant effect in preventing tumor growth in
the hindlimb (fig. S18, A and B). However, there was no significant
growth difference for the mammary fat pad tumor (fig. S18C). These
results suggested that Tras-ALN has a better therapeutic effect on
bone metastases but a similar effect on primary tumor compared
with wild type Tras.

Tras-ALN inhibits multiorgan metastases from bone lesions
In more than two-thirds of cases, bone metastases are not confined
to the skeleton but rather give rise to subsequent metastases to other
organs (9, 10, 40). While we have used IIA injection to investigate
early-stage bone colonization, as these bone lesions progress over
an 8- to 12-week period, metastases begin to appear in other organs,
including additional bones, lungs, liver, kidney, and brain. Hence,
we investigated the ability of Tras-ALN to reduce the metastasis of
HER2-positive MDA-MB-361 cancer cells to other organs. As be-
fore, 5 x 10° MDA-MB-361 cells labeled with firefly luciferase were
introduced into the right hindlimbs of nude mice via ITA injection,
followed by treatment with Tras (1 mg/kg) and Tras-ALN (1 mg/kg).
Then, mice were subjected to whole-body BLI twice a week follow-
ing tumor-cell injection. The whole-body and hindlimbs BLI signals
were quantified and shown in fig. SI9A. Secondary metastases in
various organs were calculated as follows: BLI signal in whole body —
BLI signal in hindlimbs. As shown in fig. S19, there was a time-
dependent increase in the organs BLI signal to 10° photons s™* in the
Tras-treated group. Furthermore, there was significant inhibition
of BLI signal accumulation in organs of Tras-ALN-treated group
(P < 0.0001). At the endpoint of the study, mice were euthanized,
and the organs were harvested for BLL. Much higher levels of the
right hindlimb (100%), heart (20%), liver (80%), spleen (40%), lung
(60%), kidney (60%), and brain metastasis (40%) were observed in
the Tras-treated group, compared to the right hindlimb (42.9%) and
liver (14.3%) (Fig. 3, A and B, and fig. $20) in the Tras-ALN group.
Other organs such as the lungs, spleen, kidney, and brain were de-
void of metastases in Tras-ALN-treated mice. Our data indicated that
bone-targeting antibodies, compared to unmodified antibodies, can
significantly inhibit multiorgan metastases resulting from the dis-
semination of initial BMMs. Mice treated with Tras-ALN exhibited
fewer metastases to other organs than mice in the other treatment
groups, establishing the ability of bone-targeting antibodies to inhibit
“metastasis-to-metastasis seeding.”

Enhanced therapeutic efficacy of Tras-ALN in an
HER2-negative model

Previous reports indicate that a substantial portion of the minimal
residual disease seen in HER2-negative patients may nevertheless
be due to HER2 signaling (41, 42). It was also reported that HER2
signaling may mediate stem cell properties in a subpopulation of
HER2-negative cells, and this raises the possibility that anti-HER2
treatment may be able to eradicate bone metastases of both HER2-
positive and HER2-negative BCa (43). Our recent study suggested
that tumor cells exhibit phenotypic reprogramming when inoculated
in the bone microenvironment. Specifically, the expression level of
HER2 protein of HER2-negative BCa cells, such as MCF-7, was sig-
nificantly up-regulated in the early stage of bone metastasis (44).
We therefore evaluated the therapeutic effects of Tras-ALN using

Tian etal., Sci. Adv. 2021; 7 : eabf2051 23 June 2021

BCa cells that are not HER2-positive but exhibit HER2 up-regulation
specifically in bones. We used IIA injection to deliver MCF-7 [HER2",
Estrogen Receptor (ER)*] cancer cells into hindlimb bones (36, 38),
followed by treatment with Tras or Tras-ALN (seven mice per group,
1 mg/kg). Mice were imaged twice a week, and signal intensity of
whole-body and hindlimbs were quantified. As shown in Fig. 4 and
figs. S21 and S22, treatment with Tras-ALN resulted in more signif-
icant inhibition of tumor growth than seen in Tras-treated mice,
demonstrating the efficacy of Tras-ALN against HER2-negative cells
in vivo (P < 0.005). Meanwhile, significant reductions of serum
TRACP 5b (4.41 + 1.12 U/liter, P < 0.05) and serum calcium (10.36 +
0.53 mg/dl, P < 0.05) levels were observed in Tras-ALN-treated group
(fig. S23). Similar to HER2" model, secondary metastases in vari-
ous organs were also exhibited significant reductions in BLI signal
(P <0.0001) over the course of the study (fig. S24). Next, we also eval-
uated the ability of Tras-ALN to inhibit multiorgan metastases from
bone lesions ex vivo. At day 68, metastatic cells were observed in the
right hindlimb (83.4%), liver (33.4%), lung (83.4%), and brain (66.7%)
in the Tras-treated group, compared to values found in the right
hindlimb (50%), lung (50%), and brain (50%) (fig. S25) of Tras-ALN-
treated mice. These data suggest that the bone-targeting Tras-ALN
conjugate may be useful in preventing the progression of HER2-
negative BMMs to overt bone metastases and blocking the secondary
metastasis of HER2-negative cells to other organs (table S4).

DISCUSSION

Despite the fact that BCa patients have an extremely good chance of
recovery from the disease, 20 to 40% of BCa survivors will eventually
suffer metastases to distant organs (45). Metastasis to the bone oc-
curs in about 70% of these cases (46, 47). BCa patients with bone
metastases suffer from pain and immobility, along with susceptibility
to skeletal-related events (SREs) such as fracture, bone pain, spinal
cord compression, and hypercalcemia. SREs significantly reduce the
quality of life and increase mortality. The 1-year survival rate of BCa
patients with bone metastases is 51%, but the 5-year survival rate
drops to 13% (48, 49). In cases where the skeleton is the only site of
metastasis, patients usually have better prognoses than patients with
visceral organ metastases (9, 10). In more than two-thirds of cases,
bone metastases will not remain confined to the skeleton but instead
are responsible for subsequent metastases to other organs and even-
tually to the death of patients (9, 10). Recent genomic analyses
suggest that most metastases are the result of seeding from other
metastases rather than from primary tumors (15-17). Some metas-
tases initially found in nonskeletal organs also appear to be seeded
from subclinical BMMs, as suggested by the finding that, subsequent
to colonization of bone, metastatic cancer cells in BMMs can acquire
more aggressive phenotypes even before establishing overt bone metas-
tases (18). Thus, strategies for inhibiting progression of BMMs can
prevent further BCa metastasis within the bone and secondary me-
tastases from the bone to other organs.

Chemotherapy, hormone therapy, and radiation therapy are now
used to treat women with bone metastatic BCa. While these treat-
ments often shrink or slow the growth of bone metastases and can
help alleviate symptoms associated with bone metastasis, they usu-
ally do not eliminate the metastases completely. Targeted antibody
therapies, including Tras and pertuzumab, are established standards
of care for HER2-positive adjuvant and metastatic BCa. However,
the poor bioavailability of these agents within bone tissues has
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Fig. 3. The therapeutic efficacy of Tras-ALN to inhibit multiorgan metastases. (A) Secondary metastases observed in various organs in mice treated with Tras (top,
n=>5) orTras-ALN (bottom, n =7). (B) Pie charts (top) show the frequencies of metastasis observed in various organs in mice treated with Tras (1 mg/kg retro-orbital injection
in sterile PBS twice a week), and Tras-ALN conjugate (the same as Tras). Quantification of bioluminescence signal intensity (bottom) in different organs, including other

bones, as measurement of metastases resulted from Tras and Tras-ALN-treated mice.

limited their efficacy in dealing with HER2-positive bone metastases
(19-22). In a recent long-term follow-up study of patients with HER2-
positive metastatic BCas who received chemotherapy and Tras, only
17% of patients with bone metastatic BCa experienced a complete
response, and none experienced a durable complete response. By
comparison, a 40% complete response and 30% durable complete
response was achieved in BCa patients with liver metastases (22).
Thus, therapies with improved outcomes for BCa patients with bone
metastases are highly desired.

In this study, we have used conjugation of bone-targeting moieties
to develop an innovative BonTarg technology that enables the prepa-
ration of antibodies with both antigen and bone specificity. Our
data suggest that modification of the therapeutic HER2 antibody

Tian etal., Sci. Adv. 2021; 7 : eabf2051 23 June 2021

P values are based on one-way ANOVA test. P> 0.05 (n.s.) and *P < 0.05.

Tras with the bone-targeting BP molecule, ALN, results in enhanced
conjugate localization within the bone metastatic niche, relative to
other tissues, raising the intriguing possibility that the bone-targeting
antibody represents an enhanced targeted therapy for patients with
bone metastases. We have tested this hypothesis using two BCa
BMM models. The bone-targeting antibody conjugate, Tras-ALN,
retains all the mechanistic properties of unmodified Tras but exhib-
its enhanced ability to inhibit further BCa metastasis within the
bone and metastasis-to-metastasis seeding from bone lesions. We
find that, compared to either ALN or Tras separately, the Tras-ALN
conjugate represents a superior treatment for HER2-positive tumor
cell-derived BMMs. BMMs in BCa patients with HER2-negative
tumors can actually express HER2 and may rely on HER?2 signaling

7 of 11

T20Z ‘gz aunc uo /B1o’Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Tras-ALN B
300
(0]
2
QJ\JJ ©
s
8
8 (o]
[N
z
(@)
3
&
[2)
50 =
C
3000 O
c
]
c
[$]
i)
o
(T8
500

D
- 100
3004 Tras L.
-=- Tras-ALN ©
2
2
200+ 5
a .
= 501
@
100 o
o
o
0+ T 0 T T T 1
0 20 40 60 0 20 40 60 80
Time (days) Time (days)
E
300+ Cha Bt i "Ll I:i;-z]n.s.
=
200 -% 20+
2
>
©
100+ O 15-
m
04 v 10 T T T
0 20 40 60 0 20 40 60
Time (days) Time (days)

Fig. 4. In vivo comparison of Tras and Tras-ALN in HER2-negative model. (A) Tumor burden was monitored by weekly BLI (Tras, n=7; Tras-ALN, n=7), and (B) quan-
tified by the radiance detected in the ROI. (C) Fold change in individual luminescent intensity of HER2-negative MCF-7 tumors in mice treated as described in (A).
(D) Kaplan-Meier plot of the time to sacrifice of mice treated as described in (A). For each individual mouse, the BLI signal in the whole body reached 107 photons s™' was
considered as the endpoint. (E) Body weight change of tumor-bearing mice over time. P> 0.05 (n.s.), *P < 0.05, and ****P < 0.0001.

for progression (41, 42). Similarly, we also find that Tras-ALN is
effective in treating BMMs in a model of HER2-negative bone metas-
tasis, providing a new therapeutic strategy using Tras-ALN to re-
duce latent metastases that occur in some HER2-negative BCa
patients. The affinity of ALN for bone tissue helps overcome physical
and biological barriers in the bone microenvironment that impede
delivery of therapeutic antibodies, thereby enriching and retaining
Tras in the bone. The Tras-ALN conjugate also reaches higher con-
centrations in the bone metastatic niche, relative to healthy bone
tissues, due to the low pH of bone tumor sites (12). This is consist-
ent with previous observations that BP molecules prefer to bind to
the bone matrix in an acidic tumor environment (32-35).

The evolution of current antibody therapy has been focused on
targeting new biomarkers and functionalizing it with novel cyto-
toxic payloads. In this study, we explore the potential benefits of
adding tissue specificity to antibody therapy. Using the novel BonTarg
technology, we have prepared the first bone-targeting antibodies by
site-specifically modifying with bone-targeting moieties. The re-
sulting bone-targeting antibodies exhibit improved in vivo thera-
peutic efficacy in the treatment of BCa micrometastasis and in the
prevention of secondary metastatic dissemination from the initial
bone lesions. This type of precision delivery of biological medicines
to the bone niche represents a promising avenue for treating
bone-related diseases. The enhanced therapeutic profile of our
bone-targeted HER2 antibody in treating microscopic BCa bone
metastases will inform the potential benefit of adding tissue speci-
ficity to traditional therapeutic antibodies.

MATERIALS AND METHODS

Construction of Tras-ALN conjugates

The noncanonical amino acid azide-Lys was incorporated at the
C terminus of the ssFB-FPheK peptide via solid-phase peptide
synthesis (fig. S2). After high-performance liquid chromatography

Tian etal., Sci. Adv. 2021; 7 : eabf2051 23 June 2021

purification, the peptide was denatured with 6 M urea and stepwise
dialyzed to remove the urea and allow peptide refolding. After buffer
exchange into PBS (pH 8.5), 32 equivalent of ssFB-azide peptide was
coincubated with Tras (BS046D from Syd labs) in PBS (pH 8.5) buffer
at 37°C for 2 days. The Tras-azide conjugate was then purified via a
PD-10 desalting column to remove excess ssFB-azide. The Tras-azide
conjugate was characterized by ESI-MS. ESI-MS: expected, 53,564;
found: 53,558 (fig. S3). Ten equivalent of BCN-ALN was added to
the solution at room temperature (RT) overnight to selectively react
with the azide group on the conjugate. Last, the ALN-labeled anti-
body conjugate was purified via a PD-10 desalting column to remove
excess ALN-BCN. The conjugate was characterized by ESI-MS.
ESI-MS: expected, 53,988; found: 53,984 (Fig. 1C).

Cell lines

MDA-MB-361, MCF-7, BT474, SK-BR-3, and MDA-MB-468 cell lines
were cultured according to the American Type Culture Collection
instructions. Firefly luciferase- and RFP-labeled MDA-MB-361 and
MCE 7 cell lines were generated as previously described (50).

HA binding assay

Briefly, Tras or Tras-ALN was diluted in 1 ml of PBS in an Eppendorf
tube. HA (15 equiv, 15 mg) was added, and the resulting suspension
was shaken at 220 rpm at 37°C. Samples without HA were used as
controls. After 0.25, 0.5, 1, 2, 4, and 8 hours, the suspension was
centrifuged (3000 rpm, 3 min), and the absorbance of the superna-
tant at 280 nm was measured by NanoDrop. The percent binding to
HA was calculated as follows, where OD represents optical density

[(ODwithout A —~ ODvith ta ) / (OD yithout Ha ) 1 X 100%

Native bone-binding assay
Long bones of mice were cut into small fragments, washed with dis-
tilled H,0 and anhydrous ethanol, and then dried at RT overnight.
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For binding studies, Tras or Tras-ALN was diluted in 1 ml of PBS in
an Eppendorf tube. Dried bone fragments (30 mg) were added to
the tube, and the resulting suspension was shaken at 220 rpm at
37°C. Samples without bone fragments were used as controls. After
0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 hours, the suspensions were centri-
fuged (3000 rpm, 5 min), and the absorbance at 280 nm of the
supernatant was measured by Nanodrop. The percent binding to
native bone was calculated according to the following formula,
where OD represents optical density

[(OD without native bone — ODwith native bone) / (OD without native bone)] x 100%

In vitro cytotoxicity of Tras and Tras-ALN

SK-BR-3, BT474, and MDA-MB-468 cells were seeded in 200 ul of
culture medium into 96-well plates at a density of 2 x 10° cells per
well and incubated overnight to allow attachment. The culture
medium was then removed, replaced by different concentrations of
Tras and Tras-ALN dissolved in culture medium, and then incubated
for 4 days. Twenty microliters of MTT solution (5 mg/ml) was then
added to each well and incubated for another 4 hours. The medium
was aspirated, and 150 ul of dimethyl sulfoxide was added to each
well. The absorbance at 570 nm was measured by microplate reader
(Infinite M Plex by Tecan) to quantify living cells.

Flow cytometry

Cancer cells (3 x 10°) were resuspended in 96-well plates and
stained with Tras and Tras-ALN (30 ug/ml) for 30 min at 4°C. After
staining, the cells were washed twice with PBS and then further in-
cubated with Fluorescein (FITC) AffiniPure Goat Anti-Human IgG
(H+L) (code: 109-095-003, Jackson ImmunoResearch) for 30 min at
4°C. Fluorescence intensity was determined using a BD FACSVerse
(BD Biosciences).

Determination of K4 values

The functional affinity of Tras-ALN for HER2 was determined as
reported (51). Briefly, 2 x 10° SK-BR-3, BT474, MDA-MB-361, or
MDA-MB-468 cells were incubated with increasing concentrations
of Tras and Tras-ALN for 4 hours on ice. After washing away un-
bound material, bound antibody was detected using Fluorescein
(FITC) AffiniPure Goat Anti-Human IgG (H+L) (Jackson Immu-
nology). The cells were analyzed for fluorescence intensity after
propidium iodide (Molecular Probes, Eugene, OR) staining. The
linear portion of the saturation curve was used to calculate the Ky,
using the Lineweaver-Burk method of plotting the inverse of the
median fluorescence as a function of the inverse of the antibody
concentration. The K4 was determined as follows: 1/F = 1/F.x +
(Ka/Fmax)(1/[Ab]), where F corresponds to the background sub-
tracted median fluorescence and Fy,x was calculated from the plot.

Confocal imaging

Cancer cells were grown to about 80% confluency in eight-well
confocal imaging chamber plates. The cells were incubated with
30 nM Tras-FITC for 30 min and then fixed by 4% paraformalde-
hyde for 15 min. The cells were washed three times with PBS
(pH 7.4) and then incubated with DiIC18(3) (Marker Gene Tech-
nologies Inc.) for 20 min and Hoechst 33342 (catalog number
H1399, Life Technologies) for 5 min. The cells were then washed
three times with PBS (pH 7.4) and used for confocal imaging. Con-
focal fluorescence images of cells were obtained using a Nikon

Tian etal., Sci. Adv. 2021; 7 : eabf2051 23 June 2021

A1R-si Laser Scanning Confocal Microscope (Japan), equipped with
lasers of 405/488/561/638 nm.

Binding to bone cryosections

Nondecalcified long bone sections from C57BL/6 mice were incubated
with Tras or Tras-ALN (50 pug/ml), conjugated overnight at 4°C,
followed by staining with FITC-labeled anti-human IgG for 60 min at
RT. After washing three times with PBS, specimens were incubated for
30 min at 37°C with XO [stock: 2 mg/ml, dilute 1:500; dilute buffer: PBS
(pH 6.5)]. After three washes with PBS, specimens were stained with
Hoechst 33342 (stock: 10 mg/ml, dilute 1:2000) for 10 min. Slides were
then washed with PBS, air dried, and sealed with ProLong Gold
Antifade Mountant (from Thermo Fisher Scientific).

In vivo evaluation of Tras-ALN

IIA injections and in vivo imaging system (IVIS) imaging were per-
formed as previously described (37). Five days after injection, the
animals were randomized into four groups: PBS-treated control, ALN
(a representative of free BP, 10 ug/kg retro-orbital injection in PBS
twice a week for 16 weeks), Tras (1.0 mg/kg retro-orbital injection
in sterile PBS twice a week), and Tras-ALN conjugate (the same as
Tras). After injection, the animals were imaged twice a week using
IVIS Lumina II (Advanced Molecular Vision), following the recom-
mended procedures and manufacturer’s settings. On day 110, mice
were anesthetized and blood was collected by cardiac puncture before
euthanasia. Tumor-bearing tibia, heart, liver, spleen, lung, brain, and
kidney were collected for further tests. All experimental procedures
were approved by the Institutional Animal Care and Use Committee
at the Rice University and the Baylor College of Medicine.

Ex vivo metastasis-to-metastasis analysis

Mice were anesthetized with 2.5% isoflurane in oxygen and injected
with luciferin retro-orbitally. Mice were then euthanized, and their
hearts, livers, spleens, lungs, kidneys, brain, and tibia bones were
collected. Ex vivo bioluminescence and fluorescence imaging of these
organs were immediately performed on the IVIS Lumina.

Bone histology and IHC

Harvested long bones were fixed for 1 week in 10% formalin and then
decalcified in 12% EDTA at 4°C for 2 weeks. Specimens were embedded
in paraffin using the standard procedure. From these blocks, 5-um sec-
tions were cut and collected on glass slides. The sections were dried in
an oven overnight (37°C) and then deparaffinized in xylene solution for
10 min. Hematoxylin and eosin (H&E) staining were performed via
the conventional method. THC analysis was performed on decalcified
paraffin-embedded tissue sections using the HRP/DAB ABC IHC Kit
(Abcam) following the manufacturer’s protocol.

Radiographic analysis

Tibiae were dissected, fixed, and scanned by microCT (SkyScan 1272,
Aartselaar, Belgium) at a resolution of 6.64 um per pixel. Raw images
were reconstructed in NReconn and analyzed in CT An (SkyScan,
Aartselaar, Belgium) using a region of interest. Bone parameters
analyzed included trabecular thickness (Tb.Th), bone volume frac-
tion (BV/TV), BMD, and bone surface/bone volume ratio.

Biodistribution
MDA-MB-361 cells were introduced into female athymic nude
mice (body weight, 13 to 15 g) via IIA injections. After 3 months,
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Cy7.5-labeled Tras and Tras-ALN (1 mg/kg) were administrated to
tumor-bearing nude mice by retro-orbital injection. At 24, 96, or
168 hours after injection, major organs including the heart, liver,
spleen, kidney, lung, and bone tumor tissue were removed. The fluo-
rescence intensity in organs and bone tumor tissues was determined
semiquantitatively by using the Caliper IVIS Lumina in vivo imager
(Caliper Life Science, Boston, MA, USA). Bones from Tras-ALN-
treated mice were fixed and sectioned to further evaluate biodistribu-
tion. For the distribution at other bones, Cy7.5-labeled Tras (1 mg/kg)
or Tras-ALN (1 mg/kg) were administrated to tumor-bearing mice
by retro-orbital injection. Seventy-two hours after the administra-
tion, the major organs and bones were isolated and imaged using
Caliper IVIS Lumina I imager.

In a separate study, unlabeled Tras-ALN (1 mg/kg) was admin-
istered via retro-orbital injection to nude mice bearing MDA-MB-361
tumors in their right hindlimbs. After 48 hours, long bones from
Tras-ALN-treated mice were isolated and immediately sectioned
without decalcification. Bone sections were then fixed and incubated
with anti-RFP (rabbit) antibody (1:200, purchased from Rockland)
overnight at 4°C, followed by staining with FITC-labeled anti-human
IgG (1:100, purchased from Jackson Immunology) and Alexa
Fluor 555 AffiniPure Donkey Anti-Rabbit IgG (H+L) (1:200, pur-
chased from Thermo Fisher Scientific) for 120 min at RT. Sections
were mounted with Prolong gold anti-fade mountant with DAPI
(from Thermo Fisher Scientific), sealed with a coverslip, and then
used for confocal imaging.

Pharmacokinetic analysis and FcRn binding assay

Athymic nude mice were injected retro-orbitally with a single dose
of Tras and Tras-ALN (1 mg/kg) in PBS, and serum was collected
at regular intervals for 7 days and analyzed by the Trastuzumab
ELISA Kit (Lab Bioreagents). FcRn binding was determined using
Lumit FcRn Binding Immunoassay kit (Promega) according to
the manual.

Quantification of TRAP and calcium levels in serum

At terminal time points, blood was collected by cardiac puncture
and centrifuged for 15 min at 3000 rpm to obtain the serum. The
concentration of osteoclast-derived TRAcP 5b was measured by
using the Mouse ACP5/TRAP ELISA Kit (catalog number IT5180,
G-Biosciences). Serum calcium levels were determined colorimet-
rically using a calcium detection kit (catalog number DICA-500,
Bioassays).

Statistical methods

Data are presented as means = SEM and statistically analyzed using
GraphPad Prism software version 6 (GraphPad software, San Diego,
CA). Two-way analysis of variance (ANOVA) followed by Sidak’s
multiple comparisons was used for all data collected over a time
course. One-way ANOVA followed by Tukey’s multiple compari-
sons was used for microCT data. Unpaired Student’s ¢ test was used
for multiorgan metastasis data. P < 0.05 was considered to represent
statistical significance.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabf2051/DC1

View/request a protocol for this paper from Bio-protocol.
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M) Check for updates

Evolving cancer—niche interactions
and therapeutic targets during bone
metastasis

"and Xiang H.-F. Zhang

Robert L. Satcher 2,344

Abstract | Many cancer types metastasize to bone. This propensity may be a product of genetic
traits of the primary tumour in some cancers. Upon arrival, cancer cells establish interactions

with various bone-resident cells during the process of colonization. These interactions, to a large
degree, dictate cancer cell fates at multiple steps of the metastatic cascade, from single cells to
overt metastases. The bone microenvironment may even influence cancer cells to subsequently
spread to multiple other organs. Therefore, it is imperative to spatiotemporally delineate the
evolving cancer-bone crosstalk during bone colonization. In this Review, we provide a summary
of the bone microenvironment and its impact on bone metastasis. On the basis of the microscopic
anatomy, we tentatively define a roadmap of the journey of cancer cells through bone relative

to various microenvironment components, including the potential of bone to function as a launch
pad for secondary metastasis. Finally, we examine common and distinct features of bone metastasis
from various cancer types. Our goal is to stimulate future studies leading to the development of a

Osteoblasts

Cells that are responsible for
synthesis and mineralization of
new bones during development
and bone remodelling. They
are derived from mesenchymal
linage, usually localize at the
surface of bone matrix and can
differentiate into osteocytes.
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broader scope of potent therapies.

Bone and bone marrow together represent a highly
complex environment. This complexity results from
the intricate spatial organization of many different res-
ident cell types and their agile temporal dynamics. The
major functions of bone include mechanical support
and haematopoiesis. The former function is carried out
by the mineral part of bone, which is built and main-
tained primarily by osteoblasts, osteocytes, osteoclasts,
their precursors and mesenchymal stem cells (MSCs).
The latter function involves a hierarchy of cells, includ-
ing haematopoietic stem cells (HSCs), various interme-
diate progenitor cells, as well as matured blood cells.
MSCs and their descendent cells cooperate with the
haematopoietic cells at different levels of the hierarchy
and have important roles in regulating haematopoiesis.
In addition, bone and bone marrow are highly vascu-
larized. Arteries enter long bones from the periosteum,
branch into smaller arterioles and form capillaries —
type H capillaries — at the metaphyseal and epiphyseal
regions (FIG. 1). The blood then drains into the sinusoi-
dal network — type L capillaries, which extend in the
reverse direction — converges into a central vein and
eventually exits the medullary cavity'. Furthermore, dif-
ferent blood vessels are also accompanied by different
mural or perivascular cells. Arteries, arterioles, type H
and type L capillaries are covered by perivascular cells
that are aSMA*NG2*, PDGFRp*nestin-GFP"&"NG2*,

PDGFRB*NG2* and LEPR*nestin-GFP**PDGFRa",
respectively’~®. Therefore, the vasculature in the bone
is heterogeneous. Nerves, including sensory and sym-
pathetic neurons and their supportive cells’, usually
accompany blood vessels. Together, this miscellany of
cells constitutes the bone microenvironment (BME) and
functions in a delicate balance to maintain bone mass
and integrity (BOX 1).

Bone and bone marrow are frequently affected by
metastasis from cancers in multiple organs, including
breast, prostate, colon, lung, bladder, kidney and head
and neck. The proclivity of these cancer types to colonize
bone remains poorly understood and may be related to
the fact that the BME is enriched with factors and niches
that nurture stem cells.

Fully developed metastatic disease has devastating
consequences for the function of bone and accelerates
cancer progression. Current standard-of-care therapies
target the ability of cancer cells to resorb bone, which
presumably does not occur until a late stage of bone col-
onization in most cancer types. Although such therapies
undeniably improve quality oflife, patient survival is not
significantly elongated. Additional therapeutic strategies
may be revealed with a deeper understanding of the
process of early bone colonization, including the initial
interactions between disseminated tumour cells (DTCs)
and the various microenvironment niches, and the
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Osteocytes

Cells that are derived from
osteoblasts and become
embedded in the bone matrix.

Osteoclasts

Cells that are responsible for
resorption of bones. They are
derived from myeloid cell
lineage. Matured osteoclasts
are multinuclear and function
in close coordination with
osteoblasts.

Mesenchymal stem cells
(MSCs). Cells that are
multipotent and responsible
for the production of
mesenchymal cells, including
osteoblasts, chondrocytes,
adipocytes and fibroblasts.

Haematopoietic stem cells
(HSCs). Cells that are
multipotent and responsible
for production of all blood
cells.

Type H capillaries

Vascular networks in the bone
marrow that continue from
arterioles and precede sinusoid
vein vessels. They are
surrounded by osteoprogenitor
cells and couple osteogenesis
and angiogenesis.

Type L capillaries

Sinusoid veins that continue
from the H-type capillaries and
converge on central vein in the
medullar cavity of bone
marrow.
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Fig. 1| The journey of DTCs towards bone metastasis and beyond. a | Metastatic organotropism may be encoded by
genetic traits and arise in primary tumours by various mechanisms. b | Blood vessels may provide the first foothold for

disseminated tumour cells (DTCs). The vasculature in the bone marrow is highly heterogeneous. Most notably, the capillaries
can be classified into type H, which connect to arterioles, and type L, which connect to veins. Type H capillaries are localized
to metaphyseal regions as well as in parallel to the endosteal surface. By contrast, type L capillaries are mostly within diaphysis

and are sinusoidal. Endothelial cells in type H and type L capillaries express high and low levels of CD31 and endomucin,
respectively. The perivascular niches harbour dormant DTCs. Type H and type L vessels may represent different niches with
endothelial and perivascular cells differing from one another. TGFP2 produced by perivascular mesenchymal cells and
thrombospondin 1 (TSP1) produced by endothelial cells may mediate cellular quiescence of cancer cells. The counteraction
between CXCL12 and E-selectin may also determine the fate and positioning of cancer cells relative to the niche. The
perivascular mesenchymal cells possess mesenchymal stem cell (MSC) activities and may contribute to osteogenesis.

c| The osteogenic niche promotes progression of DTCs towards micrometastases through multiple mechanisms, including
direct interaction by heterotypic adherens junctions (HJs), gap junctions (GJs) and Notch signalling. The osteogenic cells
may also secrete TSC, which activates integrin signalling. Furthermore, paracrine signalling of FGF2 and PDGF-DD
produced by the bone microenvironment enhances the phenotypic plasticity of cancer cells. d | As micrometastases grow,
cancer cells that remain adjacent to osteogenic cells may maintain their plasticity whereas those that are pushed away
may revert to a more differentiated status. e | Recruitment and activation of osteoclasts start the vicious cycle and drive
progression towards osteolytic macrometastases. This is the phase that causes symptoms and leads to diagnosis in the
clinic. f| The interaction with osteogenic cells leads to increased cancer cell stemness and phenotypic plasticity, which
may fuel further dissemination to multiple other organs. The second wave of metastasis from bone may be less organotropic,

which is distinct from the initial wave of metastasis.

subsequent progression towards bone-deconstructing
overt bone metastases.

Here, we present a Review on the topic of bone meta-
static diseases, focusing on tumour cell interactions with
the microenvironment during the journey from primary
tumour to bone and, as more recently unveiled, from
bone to additional target organs. We summarize our
knowledge of bone metastasis as a sequence of connected
steps using the example of breast cancer and other rep-
resentative cancer types to highlight the spectrum of
tumour-driven interactions in the BME that uniquely

describe the metastatic journey. Specifically, we compare
the metastatic journey of disseminated cells from breast
cancer, which is the most studied tumour type with the
highest incidence of bone metastasis among the cancers
we discuss, with those of other selected solid tumours
that differ mechanistically according to their phenotype
(prostate — osteoblastic), treatment resistance (renal —
osteolytic) and their immunological properties (multiple
myeloma (MM) — osteolytic). Finally, we review newly
emerging therapeutic targets that may mediate the
various steps of bone colonization.
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Premetastatic niche
Potential destination of
metastasis in distant organs
before the actual arrival of
metastatic cells. It is different
from normal tissue because of
interactions with bone
marrow-derived cells
stimulated by primary
tumours.

Endosteal niche

The microenvironmental
location at the endosteal
surface. Itis enriched with
osteoblasts and
osteoprogenitors as well as
osteoclasts. Transplanted
haematopoietic stem cells
often adhere to this niche.

The metastatic journey from breast to bone

To obtain a relatively integrated view, we use mostly
breast cancer studies as examples for the discussion of
the metastatic journey to bone, as there are more exper-
imental models available compared with other cancers
(TABLE 1; BOX 2) and, as a result, a larger number of
published studies exist for analysis. However, insights
from other cancers can sometimes facilitate deeper
understanding and broader discussion, and therefore,
are mentioned with cancer type specified. Briefly, we
summarize the process through which cancer cells
disseminate from primary tumours, establish the initial
foothold that facilitates dormancy, begin proliferation
under the influence of the (altering) BME, recruit oste-
oclasts to trigger a vicious osteolytic cycle and, finally,
further metastasize to multiple other organs.

Premetastatic alterations in bone. Breast tumours may
systemically affect distant organs even before metasta-
sis occurs®. The development of a ‘premetastatic niche’
was first characterized in lungs and implicated changes
in the bone marrow. Specifically, bone marrow-derived
VEGEFR1* cells can be mobilized by primary tumours
and recruited to the lungs before the arrival of metastatic

Box 1 | The multidimensional view of bone microenvironment

Spatial organization of bone

In long bones, osteoclasts, osteoblasts and their precursors are predominantly localized
at the surface of cortical bones (termed endosteum) and trabecular bones, which
constitute the ‘endosteal’ or ‘osteogenic’ niche'. Differentiated osteocytes are

embedded into the bone matrix. Mesenchymal stem cells (MSCs), the multipotent stem
cells of osteoblasts, chondrocytes and adipocytes, are usually found adjacent to blood
vessels, in the perivascular niche. Haematopoietic stem cells (HSCs), on the other hand,
were found to be in both the osteogenic and perivascular niches?*%%".

The blood capillaries can be divided into two types: H and L. Type H capillaries are
localized to metaphyseal regions as well as in parallel with the endosteal surface.

By contrast, type L capillaries are mostly within diaphysis and are sinusoidal??%*.

Furthermore, arteries, arterioles, type H and L capillaries are surrounded by
perivascular cells that express different markers*?***!, Besides MSCs, there is a distinct
class of perivascular cells in the bone marrow, namely CXCL12-abundant reticular
cells”®”**. Single cell RNA-seq defined subsets of CXCL12-abundant reticular cells
with a transcriptomic profile characteristic of osteogenic cells or adipocytes. They
preferentially localize to arteriolar and sinusoidal vessels, respectively, and can shape
the local microenvironment through cytokine secretion’*".

Although most studies implicate the perivascular niche as the major location of HSCs,
there is debate as to whether the adjacent vasculature is arteriolar or sinusoidal*?*%%*°.
The endosteal niche was also suggested to host engrafted HSCs*. Perivascular and
endothelial niches may be physically close to one another and even share some
niche components owing to the coupling between angiogenesis and osteogenesis’*’.
Furthermore, megakaryocytes may also provide a unique HSC niche and maintain HSC
quiescience”’*0,

Temporal dynamics of bone
In addition to the daily production of blood cells by the bone marrow, it is estimated
that 5-25% of all skeleton is replenished every year in healthy adults”** with osteoclasts
absorbing old bone and osteoblasts depositing new bone?*“. Pathological conditions
can significantly affect bone turnover. For instance, diabetes and obesity both increase
resorption of old bones and decrease formation of new bones?****. In particular, bone
fracture induces a healing process involving development of haematoma, acute
inflammation, resolution of inflammation, formation of soft callus in association with
neoangiogenesis, growth of woven bones (newly formed bone) and finally remodelling
of woven bones to healed bones****".

Taken together, bone is exquisitely organized and agilely dynamic. Therefore, the bone
microenvironment needs to be investigated in a well-defined spatiotemporal context.

REVIEWS

cancer cells’. These cells can prepare the lung tissues
and make them more amenable to metastatic seeding.
Subsequent studies provided further details of this pro-
cess and expanded our knowledge of the mechanisms
of premetastatic niche development (see, for example,
REFS'*12). In some cases this niche was shown to sup-
press, rather than promote, metastatic seeding'>'.
Overall, these studies also confirmed that the bone mar-
row acts as a remote responder to primary tumours and
as a source of cells recruited to other organs for premet-
astatic niche formation. However, these studies did not
address the questions of how the BME is altered in this
process and whether such alterations affect potential
metastatic seeding to bone itself.

Independently of the above studies, it has long been
observed that breast tumours skew haematopoiesis
towards the myeloid lineage with cells of abnormal
functionality'>~"”. We and other groups have shown that
some breast tumours can induce systemic accumula-
tion of immature myeloid cells that are immunosup-
pressive, known as myeloid-derived suppressor cells
(MDSCs)'*!”. However, the level of MDSC accumulation
varies between different tumours and may be dictated
by tumour-intrinsic characteristics such as epithelial-
to-mesenchymal transition (EMT) status and levels of
mTOR signalling in cancer cells*>”'. Although the sys-
temic roles of MDSCs in tumour progression have been
intensively investigated, their local impact on bone
metastasis remains poorly defined.

The rise of bone-tropic metastatic seeds in primary
tumours. Before cancer cells embark on the metastatic
journey, their fate and destination may already be partly
determined. The nonrandom distribution of metastases
to specific organs is referred to as metastatic organotropism
and is a long-standing clinical observation®. The organs
frequently affected by breast cancer metastasis include
bone, lung, brain and liver. Different breast cancer sub-
types exhibit largely different organ preferences: whereas
luminal-like tumours (mostly oestrogen receptor posi-
tive (ER")) tend to metastasize first to bone, basal-like
tumours (mostly ER", progesterone receptor negative
(PR") and HER?2", also known as triple negative breast
cancer (TNBC)) aggressively disseminate initially to vis-
ceral organs, including the lungs****. Moreover, visceral
metastases usually occur within 5 years after surgical
removal of primary tumours. By contrast, ER* bone
metastases are often diagnosed after a much longer
latency, and the risk of late-onset bone metastases
persists for years to decades’*°. This inter-subtype
discrepancy remains largely unexplained.

Although at a lower frequency than in ER* breast
cancer, bone metastases still occur in TNBC. Our pre-
vious work (X.H.-EZ.) based on experimental meta-
stasis models (TABLE 1; BOX 2) suggests that SRC activity
in TNBC cells may be linked to proclivity for bone
metastasis mainly through potentiating CXCR4 and/or
IGFR-AKT signalling cascades in cancer cells. The
bone-specific role of SRC results from abundant expres-
sion of the cognate ligands of CXCR4 and IGF1R, which
are CXCL12 and IGF1, respectively, secreted by stromal
cells in the BME™. Interestingly, cancer cells with higher
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Epithelial-to-mesenchymal
transition

(EMT). A process through
which epithelial cells lose cell-
cell adhesions and other
epithelial traits but acquire
mesenchymal characteristics,
including migration and
invasion. Recent studies
demonstrate that EMT is a
continuum and there exists

a hybrid status with both
epithelial and mesenchymal
features. The hybrid EMT
phenotype has been linked to
cancer stemness, or the ability
to regenerate a tumour.

Metastatic organotropism
The observations that
metastasis does not occur
randomly to all organs but
rather preferentially affects a
specific set of distant organs.

SRC activity can be enriched in primary tumours by
Darwinian selection (the major conceptual framework of
our understanding of the metastatic cascade”’), when
there is a similar enrichment of CXCL12 and IGF1
(REF). Therefore, the mimicry of bone cytokine milieu
in the primary tumour may pre-select metastatic seeds
that might be ‘primed’ to survive and grow in the BME.

Cancer cells may also demonstrate ‘osteomimicry,
which refers to the evolution of cancer cells to exhibit
bone-resident cell phenotypes*-*’. Osteomimicry mostly
occurs in cancer cells that have already metastasized to
bone, and therefore represents a later step in the journey.
Of note, in orthotopic or subcutaneous tumours in mice,
ectopic bone tissues were occasionally observed®', which
suggests an osteomimicry-like process in non-bone tis-
sues seemingly independent of the presence of bone
metastasis. How such a process in primary tumours
relates to later bone metastasis remains unknown. It is
reasonable to hypothesize that cancer cells undergoing
osteomimicry and thus assuming bone cell phenotypes
may confer selective advantages on DTCs and drive
bone-tropic metastasis.

Of note, genes and pathways that mediate bone
metastasis are not expected to confer selective advan-
tages in primary tumours as the interactions with bone
have not yet occurred. The microenvironmental pres-
sure is not yet available at this point to drive bone-tropic
genetic selection or reactive adaptation. This is especially

true for late-onset bone recurrences, during which
metastases must undergo prolonged parallel evolution
in bone, thereby allowing them to become distinct
from primary tumours. However, resemblance of the
microenvironment between primary and metastatic
tumours may drive convergent evolution and result in
overlapping phenotypic profiles. Therefore, both seed
pre-selection and osteomimicry are plausible hypotheses
to explain the paradox that bone tropism is predictable
in primary tumours (FIG.1a).

The perivascular niche and metastasis dormancy. The
first niche that DTCs encounter upon arrival in the BME
may have important roles in determining the subsequent
metastatic process. A study in prostate cancer showed
that inoculation of cancer cells into peripheral blood
induced egress of HSCs from the bone marrow”, which
led to the hypothesis that DTCs and HSCs both share
and compete for the same niches. This hypothesis gained
support from recent studies in experimental metasta-
sis models (TABLE 1) of breast cancer. Ghajar et al.*
demonstrated that DTCs (introduced by intra-cardiac
injection; see TABLE 1) stay close to blood vessels after
extravasation. Moreover, thrombospondin 1 (TSP1) pro-
duced by endothelial cells induced dormancy in DTCs.
Using the same approach, Price et al.** corroborated this
conclusion and elucidated that endothelial cell-derived
E-selectin and CXCL12 induced the migration of DTCs

Table 1 | Experimental models of bone metastasis

Transplantation Cancer types

route

Pros

Direct injection into circulation (experimental metastasis models)

Left
ventrical®>”'*

Breast, prostate,
renal, colorectal,

to multiple bones

lung, head and neck,
multiple myeloma

Tibia or femur
bones’"”

Breast, prostate,
renal, colorectal,
lung, head and neck,

Robust delivery of cancer cells; restriction of

bones

multiple myeloma

42,216

Illiac artery

217

Caudal artery

Breast and prostate

Breast, prostate,
renal, lung,
osteosarcoma

Non-invasive procedures; cancer cells distributed

cancers relatively specifically to tibia or femur

Precise delivery of cancer cells to one hindlimb;
amenable to quantitative studies of early-stage
bone colonization events; amenable to tracking

Cons

Bypasses the early steps of metastasis cascade;
introduction of non-bone metastases that often
shorten animal survival; high experimental variability;
incapable of delineating further metastasis from bone

Bypasses the early steps of metastasis cascade; highly
invasive procedures that introduce confounding
tissue injuries; many cancer cells escape to veins

Bypasses the early steps of metastasis cascade;
difficult to learn; low throughput

further dissemination from the hindlimb to other

organs including the contralateral hindlimb

bone colonization events; easy to learn

Orthotopic injection (spontaneous metastasis)

Mammary fat Breast Complete metastasis cascade
padZHi

Nipple”* Breast

Prostate’”’ Prostate

Renal capsule’””  Renal

Rectal’” Colorectal

Lungﬂlﬁi//& Lung

Perimaxillary Head and neck

gingival

submucosa

Precise delivery of cancer cells to both hindlimbs;
amenable to quantitative studies of early-stage

Bypasses the early steps of metastasis cascade

Extremely high experimental variability;
nonsynchronous metastasis — difficult to delineate
and quantitatively study different temporal steps in
metastasis; animals often die of metastases in other
organs before bone metasases fully develop; difficult
to track further metastasis from bone
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Box 2 | Limitations of current models will need to be overcome with
innovation of new models

Immunocompetent versus immunocompromised models

Findings in the current literature are predominantly based on transplantation of human
cell lines into immunocompromised hosts, which severely limits our ability to investigate
the roles of immune cells in bone colonization. Only a couple of available murine cell
lines spontaneously metastasize to bones, AT3 (REF.”®) and 4T1.2 (REF.**). Considering the
unique immune milieu provided by the bone marrow, it is imperative to develop more
syngeneic models to allow systematic characterization of the mutual impact of cancer
cells and the bone microenvironment (BME). This need is especially urgent for certain
tumour types or subtypes exhibiting stronger bone tropism, for example, prostate
cancer and ER* breast cancer.

Patient-derived xenograft versus cell lines

Cell lines maintained in culture are subject to artificial selective pressures and may
genetically drift to lose pathologically relevant heterogeneity. Patient-derived xenografts
(PDXs) can overcome this caveat to some extent’*’. A challenge for establishing PDX
models of bone metastasis, aside from the rareness of metastatic tissues, is the need

for orthotopic transplantation, which in this case is to bone rather than breast. This is
presumably important for the maintenance of the crucial cancer-microenvironment
interaction”’. A robust and efficient pipeline will need to be developed towards this end

in future research.

In vivo versus ex vivo models

The BME can be partially recapitulated ex vivo. In the simplest case, osteogenic cells
can be co-cultured with cancer cells in 3D suspension medium*. Interestingly, this
admixture forms heterotypic organoids with the two cell types either well intermixed
or organized into a shell-core structure. Cell—cell interactions can be dissected using
the 3D organoids. Bone fragments can also be used ex vivo to host cancer cells'**. When
seeded to appropriate scaffolds and stimulated by specific cytokines, osteocytes can
differentiate into osteoblasts and become minimized to mimic the BME****"**?, which
can provide cancer cells with a representative environment. The ideal ex vivo models
will need to be scalable and inclusive of major bone and bone marrow components,
including the mesenchymal lineage, haematopoietic lineage and endothelial cells.
Compared with in vivo models, the ex vivo platforms are more amenable to molecular
manipulation and high-throughput screening. Importantly, the ex vivo setting will
also allow use of human cells so that cancer-niche interactions can be studied in a

human-human setting.

Darwinian selection

A process of evolution whereby
individuals with greatest fitness
among a population survive
the selective pressure exerted
by the environment. In cancer
biology, it was adopted to
understand how cancer cells
with the most enabling genetic
traits progress and expand
over other cancer cells under
the selective pressure from the
microenvironment.

Perivascular niche

The microenvironmental
location adjacent to a blood
vessel. The components
include endothelial cells,
pericytes and haematopoietic
stem cells. The pericytes
exhibit mesenchymal stem cell
activities.

towards the endosteal surface and the retention of DTCs
at the perivascular niche, respectively. More recently, it
was suggested that the perivascular niche renders can-
cer cells resistant to chemotherapies through integrin
signalling®. Furthermore, perivascular NG2* cells were
also shown to reinforce dormancy through secretion of
TGFf2 (REF™).Taken together, it has become increasingly
clear that the perivascular niche is the first foothold of
DTCs in the bone marrow and has an important role in
determining cancer cell fate (FIG. 1D).

Much remains to be discovered about cancer cell dor-
mancy and the perivascular niche. Additional pathways
in cancer cells may induce dormancy, including those
involving LIFR and MSK1 through regulating STAT3
activities and cell differentiation status, respectively*”**.
Blood vessels and perivascular cells are highly hetero-
geneous in the bone marrow as previously discussed.
It will be important to determine what specific type of
blood vessels (that is, arteriolar, type H capillaries or
type L capillaries) preferentially constitute the niche
of dormancy (FIG. 1b). This information may recon-
cile the seemingly conflicting finding that vascular
E-selectin stimulates mesenchymal-to-epithelial transi-
tion and promotes proliferation of DTCs through WNT
signalling™. Thus, the understanding of cancer-niche
interactions will likely benefit from a deeper and more
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precise characterization of the normal bone marrow
microenvironment.

The osteogenic niche and metastasis outgrowth. In addi-
tion to the perivascular niche, other microenvironment
niches may also regulate the fate of DTCs. The endosteal
surface of cortical bones and the surface of trabecular
bones harbour osteoblasts and represent sources of new
bone. This region is termed the ‘endosteal’ niche and
also hosts HSCs and other haematopoietic progenitor
cells’**!, We (X.H.-EZ.) and others observed that bone
micrometastases (BMM:s) are usually in close contact
with cells that have osteogenic potential, including
MSCs, osteoprogenitors, pre-osteoblasts and osteo-
blasts, but not osteoclasts*~**. Thus, we used the term
the ‘osteogenic niche’ in this Review to collectively refer
to these cell types. Using the intra-iliac injection-based
experimental metastasis model (TABLE 1), we (X.H.-EZ.)
showed that the cancer-osteogenic niche interaction
was mediated by heterotypic adherens and gap junc-
tions and stimulated multiple pathways inside BMMs,
including mTOR and calcium signalling, which can
drive proliferation of cancer cells*>**** (FIG. 1¢,d). Also,
osteoblast-produced cytokines (for example, FGF2 and
PDGF-DD) can induce epigenomic reprogramming via
activation of EZH2, which in turn confers stemness on
BMMs in the context of ER* breast cancer xenograft
models. Here, epigenetic changes were in part reflected
by a transient and reversible loss of ER expression and
the emergence of a hybrid EMT phenotype, particularly
in cancer cells that directly interact with the osteogenic
cells® (FIG. 1¢,d). Multiple other crosstalk mechanisms
between cancer cells and osteogenic cells were discov-
ered, including tumour-derived JAGGED1-induced
Notch signalling in osteoblasts, which activated pro-
duction of TGFp and led to activation of osteoclasts
(see later sections for more discussions)”. Interestingly,
activation of the Notch pathway in cancer cells conferred
resistance of experimental bone metastasis to chemo-
therapies in multiple xenograft models* (FIC. 1¢). In addi-
tion, in an MSC-derived ex vivo model (TABLE 1; BOX 2),
MSCs produced tenascin (TNC) upon interaction with
cancer cells*. TNC is a well-described stem cell niche
component® that signals through integrins to promote
tumour progression’®*’. Taken together, it has become
increasingly clear that the osteogenic niche may foster
metastasis outgrowth, which represents one mecha-
nism for activation of proliferation or the termination
of dormancy (FIC. 1d).

Many aspects of the osteogenic niche need to be
better understood. Conditioned medium of breast
cancer-educated osteoblasts was shown to suppress
tumour growth and osteoclastogenesis in vitro™, sug-
gesting that the secretome of osteoblasts in culture
produces the opposite effect to the observations in vivo
discussed above. Moreover, in MM bone metastasis,
the osteogenic niche was shown to induce dormancy
instead of terminating it>. Again, these seemingly con-
flicting observations may be explained by differences in
experimental models and/or the diversity of bone niches
and the exquisite spatiotemporal arrangement of the
BME. In this regard, accurately mapping cancer-niche
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Osteogenic niche

The microenvironmental
locations including endosteum
and trabecular bones, where
osteogenesis occurs. It is
enriched with osteoblasts and
precursor cells. It overlaps with
the endosteal niche, but also
includes trabecular bones
while lacking the osteoclast
component by definition.

Phenotypic plasticity

The potential of a cell to alter
its phenotypic characteristics
in response to environmental
stimuli. The ability to switch
between epithelial and
mesenchymal phenotypes is
considered one example of
phenotypic plasticity.

interactions to a single-cell resolution will significantly
benefit bone metastasis research.

The vicious cycle and osteolytic bone metastasis. The
hallmark of overt bone metastasis in breast cancer is
the recruitment and activation of osteoclasts through
paracrine relay between cancer cells and osteoblasts.
Specifically, cancer cells can produce PTHrP, which induces
osteoblasts to secrete RANKL****. The RANKL-RANK
pathway is a master regulator of osteoclastogenesis™.
Resorption of bone matrix by osteoclasts leads to the
release of TGFp and IGFs, which reciprocally act on
cancer cells to stimulate further progression®—.
Altogether, these processes form an osteolytic vicious
cycle (FIC. 1¢). Many recently discovered pathways con-
verge to regulate this cycle and promote bone metastasis,
including VCAMI (REF™) generated by tumours, which
recruits osteoclasts; integrin signalling activated in cancer
cells®’; RON signalling activated by MSP in both can-
cer cells® and osteoclasts®’; Notch signalling activated
mutually between cancer cells* and osteoblasts*; and
IL-6 released by osteoblasts or senescent stromal cells
that activates osteoclasts*”*’. The osteolysis caused by
metastasis leads to skeletal related events (SREs), includ-
ing bone pain, spinal cord compression, hypercalcaemia
and pathological fractures. Therapies that target osteo-
clasts significantly improve patient quality of life, thereby
confirming the vicious cycle as a paradigm of late-stage
bone metastasis® (FIC. 1¢,). The molecular details of this
paradigm have been increasingly elucidated in the past
few decades and have been summarized by excellent
recent reviews®>%.

Further dissemination from bone to other organs.
Establishment of bone metastasis may not be the final
step of the journey. In recent studies collectively sur-
veying more than 4,000 patients with breast cancer, the
first metastasis diagnosed was found in a single organ
rather than multiple organs in 74% of patients***’.
However, although breast cancers of patients with differ-
ent subtypes exhibit distinct metastatic distributions™*,
autopsies of patients with breast cancer revealed a high
percentage of metastases in multiple organs®*~"". In fact,
only 6% of patients had single-organ metastases®, which
led to the previous conclusion that “breast cancer was
nonselective in its metastatic targets™. These seemingly
contradictory observations may be reconciled by the
function of the BME in invigorating a second wave of
metastasis with reduced organotropism (FIG. 11).

The notion that cancer cells in bone can further dis-
seminate has been indirectly suggested by a few obser-
vations. First, the presence of DTCs in the bone marrow
of patients with breast cancer was associated with recur-
rences that are not restricted to bone”"””. Second, roughly
two-thirds of patients with bone-only metastases later
developed other metastases’”*. Third, in patients who
are postmenopausal, adjuvant treatment with bisphos-
phonate, a bone-targeting agent, was associated with a
reduction of all distant metastases and improved overall
survival”, especially in DTC* patients™®””. Although each
of these observations could have an alternative expla-
nation (for example, bisphosphonates might have direct

inhibitory effects on metastatic cells in other organs),
they collectively suggest that DTC and bone metas-
tasis are tightly associated with metastases in other
organs, and therefore, might be the source of further
dissemination.

We recently demonstrated that the interaction with
osteogenic cells can invigorate cancer cells for fur-
ther dissemination’® Breast cancer-derived circulating
tumour cells (CTCs) in bone metastasis-carrying ani-
mals exhibited a stronger stem cell-like phenotype than
those in mice with orthotopic breast tumours or lung
metastases. An evolving barcode system”*’ was used to
delineate the phylogenetic relationship between sponta-
neous metastatic lesions in various organs, showing that
atleast a proportion of metastases in visceral organs were
closely related to bone metastases’. Mechanistically, the
BME induced transient epigenomic reprogramming
driven by EZH2 and increased phenotypic plasticity of
BMMs compared with primary tumours and macrome-
tastases in breast cancer models*. Remarkably, induc-
ible knockdown of EZH2 in cancer cells did not alter
the growth of the initial bone metastasis but abolished
further metastasis from bone’. Together, this suggests
that bone can serve as a robust ‘launch pad’ for second-
ary metastasis, as opposed to a terminal destination, in
the metastatic cascade (FIG. 1g,h).

Of note, further metastasis from bone is a different
process from tumour self-seeding or cross-seeding.
Self-seeding refers to the observation that CTCs may
return to seed their tumours of origin, whereas dur-
ing cross-seeding, CTCs infiltrate other pre-existing
tumours in the same host*. By contrast, bone metasta-
ses provide an environment that enables cancer cells to
seed other organs and establish secondary metastases
de novo.

The specific epigenomic reprogramming process
behind secondary metastasis from bone appears funda-
mentally different from the Darwinian selection known
to drive tumour progression. The latter usually oper-
ates on stable genetic traits and results in irreversible
changes in tumour clonal structures®. By contrast, the
reprogramming induced by BME appears to be tran-
sient and reversible as shown using experimental bone
metastasis models of ER* breast cancer*. Numerous
previous studies, including many referenced earlier in
this Review, suggested that Darwinian selection is the
basis of organotropic metastasis®>***-%. This concept
may be accurate for the first wave of metastasis directly
from primary tumours. However, in recent studies
we demonstrated a fundamentally different metasta-
sis process from bone**”®. Specifically, mice carrying
established bone lesions of breast and prostate cancers
subsequently developed further metastases in multiple
organs. Interaction with the BME enabled multi-organ
metastasis of cells that were initially non-metastatic and
genetically homogeneous (immediately expanded from
a single cell), thereby ruling out Darwinian selection
as the major driving mechanism. An evolving barcode
system facilitates the dissection of metastatic evolu-
tion and supports that many metastases in non-bone
organs may result from further spread of spontane-
ous bone metastases. Significantly, targeting EZH2,
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Fig. 2 | The possible relationship between different microenvironment
niches during early-stage bone metastasis. a| The vascular network in the
bone marrow is in close proximity to trabecular bones and endosteum,
where osteogenic cells localize. The perivascular niche and osteogenic
niche may have a few possible relationships during bone metastasis.
b | Model 1: the two niches may compete for disseminated tumour cells
(DTCs). DTCs localize to the perivascular niche and osteogenic niche, after
which they may enter dormancy or begin proliferation, respectively.
c| Model 2: the perivascular mesenchymal cells of type H vessels possess
mesenchymal stem cell (MSC) activities and may differentiate

b Model 1: two alternative niches
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€ Model 2: osteogenic differentiation of
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into osteogenic cells. Therefore, in situ differentiation may create a
new osteogenic niche adjacent to the perivascular niche, and may
terminate dormancy and trigger proliferation of cancer cells. d | Model 3:
dormant DTCs and quiescent MSCs colocalize in the perivascular niche.
Bone homeostasis or pathological bone injuries release osteogenic signals
to mobilize MSCs. Cancer cells may form specialized protrusions to
attach to MSCs that are undergoing chemotaxis towards the source of
osteogenic signals. Upon arrival, the MSCs differentiate into osteoblasts.
The associated cancer cells remain in the newly formed osteogenic niche
and begin proliferation.

an epigenomic modifying enzyme, in cancer cells abol-
ished the secondary metastasis from bone. Together,
these findings suggest that the adaptive epigenomic
alterations induced in metastatic cancer cells in the
bone marrow may enable the second wave of metasta-
sis with reduced organotropism as compared with the
first wave. Taken together, coordination of genetic and
epigenetic mechanisms may provide a more complete
view of the metastatic cascade from localized primary
tumours to terminal-stage multi-organ metastases and
may also reconcile two seemingly contradictory obser-
vations in breast cancer care: strong organotropism of
first-site metastasis®** versus multi-organ distribution
of metastases towards the terminal stage of diseases**°.

Missing links in the journey. Our knowledge of the
bone metastasis journey is far from complete. A few key
questions need to be addressed to strengthen our under-
standing of the spatiotemporal evolution of breast cancer
cells in bone.

First, the relationship between different microenvi-
ronment niches needs to be better defined. In particu-
lar, the perivascular and osteogenic niches both harbour
cancer cells, raising the question of how these niches are
related to one another. There is considerable evidence
suggesting that they enforce different cellular fates of

cancer cells (FIC. 2a,b). In particular, the perivascular
and osteogenic niches seem to be associated with cellular
quiescence and proliferation, respectively, in breast can-
cer models™***>*. However, there is a lack of consensus
as to the general roles of these niches in dormancy in
different cancer types. For instance, when murine and
human MM cells were intravenously transplanted into
mice, osteoblasts in the osteogenic niche were observed
to turn on the dormancy programme, whereas osteoclast
activity could wake the dormant cells’>*. Thus, the exact
roles of different niches may be cancer type specific.
A further question is whether these different types of
niche may be interconvertible. For instance, the perivas-
cular MSCs may undergo osteogenic differentiation®”*,
thereby creating an adjacent osteogenic niche and alter-
ing DTC fate*>* (FIG. 2¢). In the case of breast cancer,
the generation of a new osteogenic niche from perivas-
cular MSCs may terminate DTC dormancy and initiate
metastatic colonization*>*. Finally, DTC fate may be
altered through DTC relocation from one type of niche
to another. In breast cancer mouse models, perivas-
cular MSCs colocalized with dormant DTCs*. These
MSCs may be activated by osteogenic signals released
from sites of bone turnover or injury and migrate to
the site through chemotaxis*. Indeed, DTCs can form
unique protrusions that tether to the migrating MSCs®.
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Osteogenesis

The process of osteoblast and
osteocyte differentiation and
formation of new bones.

This co-migration mechanism may allow DTCs to
relocate from the perivascular niche to the osteogenic
niche (FIC. 2d). Taken together, the dynamics of various
types of niche may profoundly affect the course of bone
colonization. The application of high-resolution, spatio-
temporal mapping of cancer-niche interactions will help
to distinguish the above-mentioned possibilities and
reconcile many seemingly contradictory observations.

Second, the transition from asymptomatic to osteo-
lytic bone metastasis needs to be characterized. In breast
cancer, bone metastasis often occurs late, as long as years
to even decades after primary tumour removal®. The
prolonged asymptomatic phase is poorly understood.
This phase likely occurs before the vicious cycle, which
would otherwise lead to severe symptoms. We know
very little about the initiation of the vicious cycle. It has
been suggested that cancer cells can produce the sol-
uble form of VCAMLI, thereby recruiting osteoclast
progenitors™. Interestingly, VCAMI is a target gene of
HIF1la in endothelial cells®. Thus, the accumulation
of tumour mass in asymptomatic metastasis may exacer-
bate hypoxia and activate HIF1a-VCAMLI signalling”.
Whether this signalling axis in cancer cells and/or
endothelial cells contributes to the initiation of the
vicious cycle will need to be tested in future investiga-
tions. In general, onset of the vicious cycle may represent
termination of dormancy. Therefore, any physiological
or pathological cues that induce osteoclastogenesis could
potentially awaken dormant cancer cells. These cues
and their underlying molecular mechanisms need to be
identified and therapeutically targeted.

Finally, the observation of further dissemination of
bone metastases raises many questions. Among these,
the timing of dissemination may be the most urgent to
address. Hypothetically, dissemination could occur early,
when source bone metastases are still microscopic. As
a result, metastases diagnosed in other organs may be
seeded from bone rather than from the primary tumour
even if there are no overt bone metastases. Related to this
point, our data suggest that the size of metastases does
not necessarily correlate with their position in the phy-
logenetic hierarchy as indicated by evolving barcodes’.
This is consistent with the notion that small bone lesions
may already begin to spur metastatic seeds to other
organs. One provocative little-understood association
is the relationship between dormancy and the second
wave of metastasis. Like HSCs, cancer cells with stem
cell properties are often more quiescent but persistent’’.
Although requiring further validation, it is conceivable
that interaction with the BME may confer stemness on
DTCs*"%”, which may be accompanied by dormancy.
Thus, the potential for further metastasis may be har-
boured in cancer cells that appear indolent. Further stud-
ies will be needed to reveal the trigger for further
dissemination and to determine how this event is
related to the initiation of local bone colonization. It also
remains unclear whether the ability to empower further
metastasis is unique to bone. Recent genomic analyses
revealed frequent metastasis-to-metastasis seeding®**.
Future studies and analyses with deeper sequencing
and larger sample size may help to elucidate preferred
sources of metastatic seeds.

Bone metastasis of different cancer types

In what follows, we summarize the bone metastatic
cascade for prostate cancer, kidney cancer and MM.
These cancers were selected to highlight significant
mechanistic and/or phenotypic differences. The role
of bone-specific adaptation is suggested by cancer
type-specific differences in phenotypes of bone metas-
tases (osteolytic, osteoblastic or mixed) and, as more
recently observed, differences in resistance mechanisms
to bone-targeted therapies. Prostate cancer is included
because of its propensity for creating sclerotic metas-
tases. MM, as a marrow-based malignancy, introduces
unique immunological factors, although sharing fea-
tures with kidney cancer in creating almost exclusively
osteolytic bone metastases.

Prostate cancer. Prostate cancer metastasizes predomi-
nantly to bone usually after the development of castra-
tion resistance”. Bone metastases of prostate cancer have
many commonalities with those of breast cancer,
including clinical treatments’ and key roles of certain
molecular pathways (for example, TGFf and IGF1)**
(FIG. 3a). This is largely because the vicious cycle between
osteoclasts and prostate cancer cells, similar to breast
cancer cells, is a major driver of bone colonization™.
Moreover, we recently showed that disseminated pros-
tate cancer cells, like breast cancer cells, adhere to
osteogenic cells and form heterotypic gap junctions
when inoculated into bone in mice. Interaction with the
BME similarly invigorated further metastasis to multiple
organs’®. Despite these shared properties, bone metasta-
ses of prostate cancer are predominantly osteosclerotic,
with excessive bone formation outperforming the exces-
sive bone resorption®'™. Although our knowledge is still
scarce, a few aspects of prostate cancer biology have been
uncovered to explain this uniqueness.

After prostate cancer cells reach the BME, they
increasingly exhibit properties of osteoblasts, including
the secretion of osteoblast-characteristic molecules such
as alkaline phosphatase, osteocalcin, osteopontin and
bone morphogenetic proteins (BMPs)'*"'?. The acqui-
sition of these properties is referred to as ‘osteomimicry’
and is often stimulated by osteoblasts. Osteomimicry of
prostate cancer can be driven by cancer cell expression
of RUNX2, a transcription factor that regulates osteo-
blast differentiation'”. RUNX2 expression is negatively
regulated by the PTEN-FOXOI signalling axis'**'*.
In addition, prostate cancer cells in the BME express
cytokines, including WNTs', PTHrP'”, ET1 (REF.'*)
and FGFs'”, which are known to favour osteoblast pro-
liferation and differentiation (FIG. 3b). In particular, the
WNT pathway has important roles in regulating osteo-
blast differentiation and function'"’. Prostate cancer cells
can secrete WNT ligands to induce osteogenesis'® and
may also activate intrinsic WNT signalling to promote
invasion'"'. Thus, prostate cancer cells ‘blend’ into the
osteogenic environment, and seem to evolve to rein-
force and benefit from this environment. It was also
recently shown in the C4-2B cell-based intrafemoral
injection model (TABLE 1; BOX 2) that prostate cancer cells
can stimulate osteogenesis in vivo by secreting BMP4,

which induces endothelial cells to become osteoblasts''2.
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Fig. 3 | The relationship between primary tumour and the vicious cycle
of late-stage bone metastasis in various cancer types. a| For breast cancer,
disseminated tumour cells (DTCs) awaken from dormancy to create osteolytic
macrometatases by both paracrine and heterotypic heterotypic adherens
junction and gap junction interactions in the osteogenic niche, which directly
and indirectly stimulate osteoclast recruitment and activation. Osteoclast
activity, in turn, releases TGF, IGF1, Ca? and other growth factors from bone
that further stimulate tumour proliferation. This is the classic ‘vicious cycle’.
b | For prostate cancer, osteomimicry of DTCs in the osteogenic niche
harnesses both the anabolic and lytic components of normal bone
homeostasis, leading to osteolysis (PSA) and/or osteosclerosis (PAP). Tumour
cells induce osteosclerosis via secretion of osteogenic factors such as ALP,
osteocalcin, osteopontin and bone morphogenic protein 4 (BMP4). Osteolysis
isinduced via secretion of PTHrP, ET1 and IGF1. This global alteration towards
bone-like phenotypes may be driven by RUNX2. The underlying genomics of
osteomimicry and why it is not as predominant in other tumour types are not
known. ¢ | For kidney cancer, the road to bone destruction is more indirect

than for breast or prostate cancer, and resembles that for multiple myeloma
(MM). DTCs create a vicious cycle via paracrine inhibition of osteoblast
function and osteocyte apoptosis. Consequently, the adverse impact on the
anabolic component of the osteogenic niche creates an environment that
increases the RANKL to OPG ratio, promoting osteoclast recruitment and
activity that creates predominantly lytic macrometastases. The details of
interactions in the perivascular and osteogenic niches are likely tightly linked,
as neovascular induction is a prominent component of kidney cancer bone
metastasis. d | MM is almost exclusively bone organotropic. Interactions in the
osteogenic niche are driven by crosstalk between MM cells and osteocytes,
osteoblasts and osteoclasts. Osteolysis is induced via secretion of RANKL by
MM cells, and amplified by RANKL from apoptotic osteocytes and inhibited
osteoblasts. Immunosuppression enabling MM proliferation and progression
is provoked by immune dysregulation, influencing T cell immunity, natural
killer cell function and the antigen-presenting capacity of dendritic cells;
and via myeloid derived suppressor cell amplification by osteoclasts.
DKK1, Dickkopf-related protein 1.

Reciprocally, a recent study has shown that calvariae of
newborn mice (enriched with osteoblasts) can secrete
into conditioned medium multiple dormancy-inducing
factors that employ distinct signalling pathways in pros-
tate cancer cells, including the p38 MAPK signalling
pathway'”’. What remains to be elucidated, however, is
how the osteogenic transcriptional programme is acti-
vated inside prostate cancer cells in the bone milieu,
whether driven by genetic selection or epigenetic
adaptation. Similarly notable is why the osteomimicry

phenomenon is so pronounced in prostate cancer and
whether this phenomenon may underlie the strong bone
tropism of prostate cancer metastasis. Further research
will be required to address these questions.

Compared with other cancer types, prostate can-
cer cells uniquely express several genes such as those
encoding prostate-specific antigen (PSA) and prostatic
acid phosphatase (PAP). PSA has been widely used as
a biomarker to monitor tumour burden in patients''.
Interestingly, PSA is a serine protease. Its activities lead
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Cabozantinib

A small-molecule inhibitor of
the tyrosine kinases Met,
VECFR2, AXL and RET. It is
approved to treat medullary
thyroid cancer, renal cell
carcinoma and hepatocellular
carcinoma.

Embolization

Blockade of blood vessels by
an agglomeration of cancer
cells or other substance.

to activation of PTHrP'"®, TGFP'"° and IGF1 (REF'"), all
of which have important roles in driving the osteolytic
vicious cycle. Conversely, PAP stimulates osteoblast dif-
ferentiation, increases collagen synthesis and enhances
expression of ALP""*'"”, The coordinated action of
these prostate-specific enzymes may further enhance
abnormal osteogenesis and lead to osteomimicry (FIC. 3b).

Kidney cancer. Renal cell carcinoma bone metasta-
ses (RCCBMs) have unique phenotypic aspects that
distinguish them from bone metastases of breast and
prostate cancer. Bone metastases from kidney cancer
are almost exclusively osteolytic'*"'**. Our knowledge
of the premetastatic niche that leads to this phenotype
is more limited than with breast and prostate can-
cer and is the focus of current work by our group and
others'**~*”. Moreover, little is understood about dor-
mancy and the relative influences of the perivascular
versus osteogenic niches on metastatic progression. The
interactions between kidney cancer and bone-resident
cells during the end stage of the vicious cycle promote
bone destruction that is more resistant to treatment
with bone-targeting agents, such as bisphosphonates
and denosumab'**'**'*, Whether this resistance results
from Darwinian selection and/or epigenomic repro-
gramming is unknown. Defining interactions between
kidney cancer and the microenvironment will be impor-
tant for identifying targeted therapeutic strategies that
are more effective.

Similar to other cancers, kidney cancers express high
levels of cadherin 11 and CXCR4, which confer a pre-
disposition for homing to the osteogenic niche'**-'%.
However, it is unclear whether disseminated kidney
cancer cells form heterotypic adherens junctions and/or
heterotypic gap junctions with osteogenic cells, as is seen
in breast cancer®. Interestingly, the pathological mech-
anism emerging for kidney cancer (FIG. 3¢) appears to
share more commonalities with MM, in which osteocyte
apoptosis and osteoblast inhibition have been observed
in patients with lytic bone lesions'**-'**. The kidney can-
cer vicious cycle in bone appears to be driven by inter-
actions between kidney cancer cells and osteoblasts as
well as osteocytes, instead of osteoclasts'* (FIG. 3¢). In the
course of investigating these unique aspects of kidney
cancer bone metastasis progression, our group (R.L.S.)
showed that cabozantinib, which has osteoanabolic activ-
ity, reversed osteoblast inhibition and reduced SREs in a
preclinical model'*. This mechanism is consistent with
clinical observations of improved survival in patients
with kidney cancer and bone metastases treated with
cabozantinib'”’~'*. There are likely to be new treatment
strategies discovered as the kidney cancer vicious cycle
in the osteogenic niche is further defined.

Recent findings point to the osteogenic niche as an
essential driver of treatment-resistant bone destruc-
tion in RCC. Both preclinical studies and patient sam-
ples have demonstrated increased osteocyte apoptosis
(R.L.S. unpublished data) near lytic bone lesions pro-
moted by tumour secretion of BIGH3, a TGFpB-induced
protein'**. Until recently, BIGH3 was mostly known
for causing apoptosis in human retinal pericytes'*

and for being downregulated in melorheostosis'*,

a rare bone disease characterized by linear hyperos-
tosis (excessive osteogenesis). BIGH3 is not structur-
ally related to the TGFp family, and is known to bind
to integrins and other extracellular matrix proteins in
the BME that mediate cell adhesion and migration'*.
BIGH3 is upregulated in kidney and colorectal cancer
cells'**. In addition, BIGH3 inhibits differentiation of
mature osteoblasts in vitro and in vivo'*‘. In normal
bone biology, an osteolytic response is counterbalanced
by bone formation''*'*. Pathological osteolysis is thus
promoted by impaired bone formation. In MM, inhi-
bition of bone formation by Dickkopf-related protein 1
(DKK1) secreted by myeloma cells in the BME was
found to contribute to induced osteolysis'*. Studies by
our group have highlighted the pro-osteolytic proper-
ties of BIGH3 in RCCBM. BIGH3 and IL-6 (similarly to
breast cancer) secreted from tumour cells both inhibit
osteoblast differentiation, thereby reducing anabolic
activity and the healing of osteolytic lesions, and induce
osteocyte apoptosis, creating a premetastatic niche that is
pro-osteolytic and potentially associated with increased
disease burden'*'*. The osteolytic environment is fur-
ther promoted by secretion of RANKL and PTHrP by
both invading tumour cells and apoptotic osteocytes'”'
(FIG. 30).

In the perivascular niche, kidney cancer cells are likely
spurred towards other organs. Metastatic kidney cancer
cells express high levels of CXCR4, a chemokine recep-
tor, indicative of an affinity for the perivascular niche
and bone marrow space'”’"*’. And although events are
not well characterized, the response is a defining charac-
teristic of metastatic disease. Kidney cancer metastases
in most organs are hypervascular, thereby inducing an
angiogenic response during progression'*”'*'. For bone,
this angiogenesis appears to be essential for tumour
growth. Indeed, treatments that target neovasculariza-
tion, such as embolization, are frequently used in con-
junction with surgical intervention'*>'**. In patients,
hypervascularity has been attributed to a common
mutation in the gene encoding the von Hippel-Lindau
(VHL) E3 ubiquitin ligase, which normally interacts
with and targets HIF1a for proteasomal degradation'™.
Mutation in the VHL tumour suppressor gene leads to
the stabilization of HIF1a and initiates gene transcrip-
tion of its target genes, leading to upregulation of several
angiogenic factors and growth factors'**'**. Angiogenic
factors that are highly expressed by kidney cancer bone
metastases include HIF1a, VEGF and angiopoietin 1
(REFS'2213L156-15%) " The impact of VHL-HIF signalling
is not restricted to the initial tumorigenesis, but gets
expanded to drive further metastasis via epigenetic
mechanisms'®. Further research is needed to deter-
mine the role of the neovascular response in awakening
dormant kidney cancer cells and/or promoting their
propagation to other distant organs.

Multiple myeloma. MM causes almost exclusively oste-
olytic lesions that frequently lead to SREs such as patho-
logical fractures, spinal cord compression and the need
for radiotherapeutic or surgical intervention'*. The hall-
marks of MM bone disease include both homotypic and
heterotypic interactions in the BME that promote bone
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destruction by dysregulating the normal homeostatic
balance'*"'*". Exclusive bone organotropism distinguishes
MM, with both regional and vascular spread to other
bones, but rarely to other organs. Further elucidation of
the bone specificity of MM will help in understanding
why MM differs in secondary organotropism from other
tumours, such as breast cancer, that produce a second
wave of metastasis to other organs from bone.

Like kidney cancer cells (FIG. 3d), myeloma cells are
able to suppress osteoblast function and induce osteo-
cyte apoptosis'**'*. During the progression of MM, oste-
ocytes directly interact with MM cells that adhere to cells
in the osteogenic niche via the VLA4-VCAMI1 integrin
system'*>'®’. Such interactions stimulate osteocytes to
produce sclerostin, DKK1 and RANKL'®. This stimulates
the recruitment of osteoclast precursors and decreases
WNT signalling, thereby leading to the inhibition of oste-
oblast differentiation'*’. Sclerostin is a protein secreted
by osteocytes that impedes activation of the canonical
WNT pathway, inhibits osteoblast differentiation and
mineralization, and induces osteoblast apoptosis'®.
Direct interactions with myeloma cells also induce oste-
ocyte apoptosis, leading to the creation of a premetastatic
niche for myeloma cells"**'*>. This has been demonstrated
in patients with MM who have reduced numbers of via-
ble osteocytes and suppressed osteoblast activity'**'*.
In addition, other factors such as BIGH3 and its trans-
activator, KLF10 (Kruppel-like transcriptional factor
induced by TGFp), which are overexpressed in the BME
in RCC'%, are less well studied in the BME with MM.
Most evidence indicates that KLF10 is a tumour suppres-
sor in MM and is downregulated in both MM cell lines
and patient samples'®. Overexpression of KLF10 causes
myeloma apoptosis via the $-catenin pathway'®. Further
work is needed to identify whether KLF10 and BIGH3
are significant factors in osteolysis induced by MM.

A multilayered pathophysiological mechanism creates
the characteristic destructive bone process. Notch signal-
ling is induced by myeloma cells, which express Notch
family and Jagged'* ligands in their membranes. The
resulting pathway activation increases RANKL produc-
tion by myeloma cells'*". In addition, osteocyte and oste-
oblast production of RANKL amplifies osteoclast activity
and synergizes with osteoblast inhibition. MM cells also
induce release of pro-osteoclastogenic factors, including
IL-6 (REF."), IL-11 (REF.'%), activan A'® and MIP1a'®.
Overall, crosstalk between the bone-resident cells and
myeloma cells, driven by bidirectional Notch signalling,
promotes bone deconstruction and MM proliferation.

Because MM is not a solid tumour and arises in the
bone marrow as a malignancy from cells of immune
origin, it has unique immunological properties that
distinguish its progression. Immunosuppression in the
BME contributes to MM growth'*"'*’. In the presence of
MM, the BME is altered from the interplay between MM
cells, mature osteoblasts and osteoclasts™®. Interactions
with osteoclasts potentiate immune dysregulation, influ-
encing T cell immunity, natural killer cell function and
the antigen-presenting capacity of dendritic cells'.
Osteoclasts promote the expansion of T helper 17
(Ty17) lymphocytes and MDSCs, thereby inhibiting
cytotoxic T and natural killer cells that target MM cells'®'.
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Taken together, there is a loss of tumour-specific lym-
phocytes (CD4" T helper cells and CD8* cytotoxic
T cells) and a rise in immune suppressor cells in the
MM cell-containing BME. As a consequence, osteo-
Iytic lesions that arise in MM are treated with strate-
gies that differ from those used in kidney cancer and
other solid tumours, in that treatment options include
immunotherapy that enhances the host anti-myeloma
immunity'®'”’. In the past 5-10 years, treatment options
introduced include immunomodulatory agents, proteas-
ome inhibitors, duratumumab (an anti-CD38 antibody),
newer generations of monoclonal antibodies and CAR
(chimeric antigen receptor)-T cells. The result has been
substantial, with a near doubling of the 5-year relative
survival range in the past 20 years (increased from 32%
in 1996 to 55% in 2016)"7'72,

New therapeutic targets
Bone-targeting therapies, such as bisphosphonates,
were introduced in the late 1990s for the purpose of
improving clinical outcomes for patients with met-
astatic bone disease. Their effectiveness is related to
their ability to inhibit bone resorption. Accordingly, the
results of bisphosphonate therapy of patients with bone
metastasis from breast, lung and prostate cancers, and
MM, have been positive, including reducing the risk
of fracture and bone pain’'”**'7¢, as well as prolonging
progression-free survival and reducing mortality'”*'77-17°.
There is mixed evidence regarding whether bisphospho-
nates extend overall survival’>'?*15717>178150_ By contrast,
RCCBM has been relatively resistant to bisphosphonate
treatment'**"*”'**_ In recent years RCCBM has become
the most common solid tumour bone metastasis requir-
ing surgical intervention for treatment and/or palliation
despite patients with RCC having a lower incidence of
bone metastasis than patients with breast, prostate or
lung cancer'®"'*>, Because of the inconsistent treatment
response of RCCBM to bone-targeted therapy such as
bisphosphonates and denosumab'?"'®*, additional inter-
ventions for the purposes of palliation (rather than cure)
are often the only remaining option. Most often, these
treatments include radiation for bone pain (in nearly
80% of patients), and surgical intervention to treat or
prevent an impending fracture (28%)'%'.
Anti-resorption treatments can stabilize bone metas-
tases by mitigating the vicious cycle'®. Two major classes
of drugs, namely bisphosphonates and denosumab, are
used to target osteoclasts by inducing apoptosis'**>'*’
and preventing activation'®, respectively. Despite their
effectiveness at strengthening the bone and improving
quality of life, they do not significantly prolong overall
survival of patients with bone metastases'®, and about
two-thirds of patients with breast cancer and bone
metastases later develop metastases in other organs’’*.
Thus, additional therapies are urgently needed. In this
section, we discuss novel potential therapeutic targets
emerging from recent research.

Targeting dormant DTCs, asymptomatic BMMs and
their niches. It has become increasingly clear that the
vicious cycle is not initiated immediately upon DTC
arrival in the bone marrow. The asymptomatic stage
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of bone colonization may persist for years or even dec-
ades in different cancer types®'®. This stage may be
divided into two phases characterized by the presence
of quiescent DTCs and proliferative BMMs, respectively.
As previously discussed, the cellular and molecular
status of these early-stage lesions is determined by their
interactions with various microenvironment niches.
There are two challenges in targeting DTCs and
BMMs. First, clinical information from corresponding
primary tumours may not be applicable to these popu-
lations. DTCs and BMMs represent only a small fraction
of cells residing in primary tumours. Moreover, cancer—
niche interactions provide therapeutic resistance and vul-
nerability not seen in primary tumours. For instance, gap
junctions between cancer cells and osteogenic cells pro-
vide a channel for calcium flux into the former and result
in activation of calcium signalling and unexpected ther-
apeutic sensitivity to arsenic trioxide”. ER* breast cancer
cells may transiently lose their ER expression and acquire
endocrine resistance under the influence of the osteo-
genic cells®. The integrin-mediated signalling between
the perivascular niche and DTCs causes resistance to
chemotherapies®. These findings implicate new targets
to disrupt cancer-niche interactions, and treating these

targets may eliminate DTCs and BMMs either directly or
through sensitization to traditional therapies. The second
challenge in targeting DTCs and BMM:s is their ‘invisi-
bility’ to current diagnostic technologies, which makes it
difficult to define clinical end points in adjuvant settings
other than overt recurrence'”. As recurrences often occur
years later and in only 20-40% of patients™, clinical trials
would need to recruit many patients with long follow-up
times to capture enough events. To overcome this chal-
lenge, biomarkers that distinguish patients with high
recurrence risk are urgently needed.

Recent studies have started to reveal potential ther-
apeutic targets to abolish the tumorigenic capacity of
DTCs and BMMs. For example, E-selectin might serve
as a potential target on the basis of its role in induc-
ing phenotype plasticity in cancer cells as discussed
above”. Blockade of E-selectin activity might force
DTCs to remain dormant. Notably, a small-molecule
inhibitor of E-selectin is being investigated for treat-
ment of leukaemia'' (FIG. 4a). As previously mentioned,
osteoblasts and their progenitor cells provide several
targetable mechanisms to drive metastasis progres-
sion, including the activation of mTOR by heterotypic
adherens junctions, calcium signalling by gap junctions,
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Periostin

An extracellular matrix
component encoded by the
POSTN gene. Itis a ligand of
integrins and has important
roles in the niche supporting
normal and cancer stem cells.

Endothelial tip cells
Endothelial cells that sprout
branches of blood vessels.

Notch signalling by JAGGED1, and EZH2 by FGFR and
PDGER signalling. Indeed, pharmacological inhibition
of mTOR, adherens junctions, calcium signalling and gap
junctions impeded bone colonization in experimental
models of metastasis*>*>*>~"7%1%2 (FIG. 3b).

Another therapeutic strategy is to reinforce dor-
mancy without necessarily killing DTCs and/or BMMs.
Towards this end, agonists of TSP1 signalling are com-
pelling potential therapies. In fact, TSP1-agonist mimetic
peptides have been available, but have not been exploited
in metastatic models'” (FIC. 4a). As discussed earlier, the
conversion or alteration from perivascular to osteogenic
niche may terminate dormancy and initiate proliferation
(FIC. 2). Osteogenesis may be a major driving force of the
initiation of proliferation upon dormancy termination,
as part of either normal bone turnover or bone repair/
remodelling. Therefore, it is conceivable that pertur-
bation of osteogenesis may affect outgrowth of DTCs
and/or BMMs. Indeed, this notion is consistent with the
observation that bisphosphonates (which inhibit bone
turnover'**) reduce breast cancer metastases specifically
in postmenopausal women’, in whom bone turnover is
increased'”. The termination of dormancy may also be
mediated by several signals, including soluble VCAM1
produced by cancer cells® (FIC. 4b) and periostin produced
by endothelial tip cells*’. These molecules represent poten-
tial targets to keep DTCs dormant. Specifically, VCAM1
signals through integrin a4, which can be blocked by
monoclonal antibodies or small-molecule inhibitors'*.
For periostin, a monoclonal antibody targeting the
cancer-specific isoform has recently been applied to xen-
ograft models of breast cancer and exhibited efficacies in
combatting chemoresistance'””. Although promising, the
above agents have not been tested in models of metasta-
sis dormancy. Moreover, the metastasis preventive strat-
egy entails persistent long-term treatment, which may be
challenging in the clinical setting.

Finally, dormant DTCs may be eradicated after being
mobilized through perturbation of important niche
components. As DTCs and HSCs share common niches,
strategies to mobilize HSCs can also stimulate DTCs to
leave their niches. Administration of G-CSE which can
mobilize HSCs, increased leukaemic stem cells (LSCs)
in the circulation of acute myeloid leukaemia'*® and in
patients with breast cancer'”. Similarly, both HSCs
and DTCs express CXCR4, which mediates their hom-
ing and retention to the niche. The cognate ligand of
CXCR4, CXCL12, is highly expressed by niche cells.
Consistent with this roles in HSCs, perturbation of
the CXCR12-CXCR4 axis by a CXCR4 inhibitor
(AMD3100) and in prostate cancer and lymphoblastic
leukaemia models resulted in release of cancer cells into
circulation’*”. In combination with other therapies,
this mobilization can lead to effective elimination of
dormant and therapy-resistant cancer cells*'.

Targeting the vicious cycle. Several pathways were
recently discovered to participate in the vicious cycle
mainly through driving osteoclast differentiation
and functions. The RON kinase is expressed by both
bone metastatic cells of breast cancer and osteoclasts.
A specific RON inhibitor is currently being tested in
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clinical trials®*?* (FIG. 4c). Inside osteoclasts, the SRC
kinase promotes the transduction of signals towards
differentiation®” and production of bone-degrading
enzymes™™. As a result, inhibition of SRC may achieve
dual inhibitory effects on both cancer cells and oste-
oclasts, thereby representing a possible strategy to
impede the vicious cycle. This hypothesis has been val-
idated in preclinical models of breast cancer metastasis
(both experimental metastases based on intra-cardiac
injection and spontaneous metastases from orthotopic
tumours, see TABLE | and BOX 2) via genetic knockdown
of SRC'”* or application of a SRC inhibitor, dasatinib®.
Notch signalling mediates crosstalk between cancer
cells and osteoblasts and renders cancer cells resist-
ant to chemotherapies as part of the vicious cycle***.
A therapeutic antibody to JAGGED]I, the pertinent
Notch ligand, represents a promising agent to block bone
metastasis®. Likewise, integrin B3 is induced in cancer
cells by the BME, mediates chemoresistance and may
be targeted by nanotherapy®, possibly through inter-
action with fibronectin (FIC. 4d). Senescent osteoblasts
produce IL-6 to promote osteoclastogenesis and bone
metastasis progression of breast cancer cells®. The stro-
mal components other than osteoclasts and osteoblasts
may also have important roles in facilitating the vicious
cycle. Inhibition of the p38-MK2 pathway in stromal
cells by small-molecule inhibitors could also limit
bone metastasis progression of breast cancer in mice*”.
TGEFp has pivotal roles in multiple stages of colonization
including early dormancy (FIG. 4a) and later vicious cycle,
although the directions of effects may not be consist-
ent. Nevertheless, TGF signalling has been targeted in
myeloma preclinical models with the neutralizing anti-
body 1D11, which exhibits efficacy in combination with
other therapies™.

A common challenge for all the above therapies
is potential toxicity due to the pleotropic roles of
the targeted pathways. The acidic environment and the
positively charged bone matrix may be leveraged to
overcome this challenge. For instance, conjugation with
negatively charged bisphosphonates can significantly
enrich antibodies and chemical inhibitors in the BME,
thereby reducing drug effects on other organs’->".

Immunotherapies. The bone marrow has unique
immunological properties as it is where all immune
cells are produced. For example, immature immune cells,
especially myeloid cells, may negatively affect adaptive
immunity. Moreover, the high level of TGFp in the bone
marrow may also blunt immune responses. Therefore, it
is reasonable to hypothesize that the BME is immuno-
suppressive. In support of this notion, retrospective
analysis suggests that patients with TNBC with bone
metastases respond poorly to combined atezolizumab,
an immune checkpoint inhibitor and nab-paclitaxel,
despite overall significant responses in all patients*'’.
Similarly, ipilimumab exhibited limited effects on
castration-resistant prostate cancer’"', which may be due
to skewing of T helper subsets towards the T ;17 subtype
under the influence of TGFB*'”. Future studies will be
needed to further characterize the immune microenvi-
ronment in the bone marrow and to better understand
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how this microenvironment may affect responses to
immunotherapies in bone metastasis.

Conclusions and perspectives

The colonization of DTCs in bone is driven by intimate
interactions between cancer cells and the spatiotempo-
rally dynamic environment. DTC fate regulation may be
achieved through intricate organization of microenvi-
ronmental cells of various lineages and subtle differences
between cells of the same lineage. Both normal homeo-
stasis and pathological repair and/or remodelling induce
reorganization and reprogramming of bone cells, which
may in turn affect bone metastasis progression. Thus,
future investigation of bone metastasis will benefit from
approaches that can precisely map the BME at single-cell
resolution. Complementarily, real-time intra-vital imag-
ing will be needed to provide information about tempo-
ral dynamics of cancer and bone cells. Taken together,
multidimensional models of bone colonization need to
be established to fill the missing links of the journey of a
cancer cell towards, within and beyond BME.

In addition to exerting pressure for genetic selection,
the BME also seems to trigger adaptation of cancer cells
through epigenomic reprogramming. Interestingly, the
reprogramming appears to cause a dedifferentiation
process and render metastatic cells more stem-like. As
a result, the BME may fuel further metastasis to other
organs, as demonstrated in preclinical models**”.
This hypothesis will need to be tested in more models,
and detailed mechanisms will need to be elucidated.
However, it is compelling to notice that the repro-
gramming may be in part driven by EZH2 (REFS*").

EZH?2 inhibitors are currently under clinical investi-
gation®". Future studies are needed to further char-
acterize this process, in terms of the onset, kinetics,
reversibility and exact molecular drivers. Clinically, it
will be interesting to examine whether EZH2 treatment
can prevent patients with bone-only metastases from
developing other metastases. If invisible bone metastases
already begin to seed other organs, the treatment may
even apply to all patients to stop the potential spread
from bone. It also remains to be determined whether
specific microenvironment niches in other metastatic
sites can cause similar effects. The compound actions of
clonal selection and epigenetic reprogramming may lead
to more complicated metastatic evolution, which has
been suggested by recent genomic sequencing studies.

Despite many commonalities, overt bone metastases
of various cancer types exhibit important distinctions.
For instance, strong osteomimicry and pivotal roles of
osteocytes in the vicious cycle distinguish bone metas-
tases of prostate cancer and kidney cancer, respectively.
It is important to understand how various cancer types
evolve to use different pathways and microenvironment
factors to facilitate bone colonization. This knowl-
edge may explain distinct therapeutic responses such
as the resistance of kidney cancer to bisphosphonates
and denosumab. Although it is difficult to compare
cancer cells of different origins, their impact on vari-
ous cell types in the microenvironment may be readily
compared to delineate cancer type-specific interaction
mechanisms.
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