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SCUBE2 mediates bone metastasis of luminal breast cancer by
modulating immune-suppressive osteoblastic niches
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Estrogen receptor (ER)-positive luminal breast cancer is a subtype with generally lower risk of metastasis to most distant organs.
However, bone recurrence occurs preferentially in luminal breast cancer. The mechanisms of this subtype-specific organotropism
remain elusive. Here we show that an ER-regulated secretory protein SCUBE2 contributes to bone tropism of luminal breast cancer.
Single-cell RNA sequencing analysis reveals osteoblastic enrichment by SCUBE2 in early bone-metastatic niches. SCUBE2 facilitates
release of tumor membrane-anchored SHH to activate Hedgehog signaling in mesenchymal stem cells, thus promoting osteoblast
differentiation. Osteoblasts deposit collagens to suppress NK cells via the inhibitory LAIR1 signaling and promote tumor
colonization. SCUBE2 expression and secretion are associated with osteoblast differentiation and bone metastasis in human tumors.
Targeting Hedgehog signaling with Sonidegib and targeting SCUBE2 with a neutralizing antibody both effectively suppress bone
metastasis in multiple metastasis models. Overall, our findings provide a mechanistic explanation for bone preference in luminal
breast cancer metastasis and new approaches for metastasis treatment.
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INTRODUCTION

Metastasis to bone, brain, lung and other visceral organs accounts
for the majority of deaths in breast cancer patients." Among these
target organs, bone is the most frequent metastasis site of breast
cancer? More than 70% of late-stage breast cancer patients
develop bone metastasis, causing severe bone pain, fracture and
lethal complications.®>* Since the molecular subtypes of breast
cancer were described,” a number of studies reported the
differences in prognosis,®” chemotherapy response® and metas-
tasis tendency”'® of different subtypes. The association between
tumor subtypes and sites of distant relapse has also come into the
spotlight recently."""'? Clinical studies showed that the prefer-
ences for bone metastasis among various subtypes are directly
related to the expression of ER.?~'* Bone metastasis tends to occur
in luminal breast cancer, especially the ERT tumors®'®'%7;
however, the risk of metastasis to non-bone organs is significantly
lower in luminal cancer than in other subtypes.'? Previously some
studies have identified the association between certain regulatory
pathways and bone metastasis in luminal breast cancer,’®'® but
the molecular mechanisms that drive this target organ selectivity
remain elusive.

The development and outgrowth of bone metastasis depend
on the intricate cellular and molecular interactions between
cancer cells and stromal components in the bone? In particular,
the ability of tumor cells to disrupt the bone homeostasis
maintained by two types of resident cells, osteoclasts and
osteoblasts, has been shown to drive bone destruction and

metastatic growth.?’ Many studies have firmly demonstrated the
critical roles of osteoclasts in metastatic outgrowth of breast
cancer in bone>*'”*? The vicious cycle of mutual interactions
between tumor and osteoclasts seems indispensable for breast-to-
bone metastasis, and agents that suppress osteoclast activity have
come into clinical use.'”?*> However, osteoclast-targeting treat-
ments can only alleviate the progression of metastasis, but not
effectively improve the survival of patients.'’**?> Recent studies
also suggested osteogenic cells as key components in early bone
colonization of breast cancer.?®3? Osteogenic niche facilitates
bone metastasis by directly promoting proliferation of cancer cells
or by engaging osteoclasts to foster the osteolytic microenviron-
ment.2®732 Osteoblasts are also suggested to be involved in
maintenance of tumor dormancy.>®> However, the regulation of
osteoblasts by cancer cells and the involvement of osteoblasts in
bone metastasis of luminal breast cancer are still unclear.
Importantly, most previous studies on bone metastasis of breast
cancer are conducted with triple-negative breast cancer models,
and little is known about the mechanisms for the bone proclivity
of ER' luminal breast cancer in metastasis.

SCUBE2 is a member of the signal peptide-CUB domain-EGF-
related (SCUBE) gene family.>* The function of SCUBE2 was first
identified in zebrafish with a non-cell-autonomous role in long-
range Hedgehog signaling.3®>™3” Later research in mouse and
human found that SCUBE2 mediates the release of plasma
membrane-bound Hedgehog ligands.3® All morphogens of the
Hedgehog family are synthesized as dual-lipidated proteins firmly
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Fig. 1 SCUBE2 correlates with bone metastasis and is regulated by ER signaling in luminal breast cancer. a, b Expression heatmap of
secretory protein-encoding genes differentially expressed in breast cancer patients with different molecular subtypes (a) and metastasis
organotropism (b) in the merged Erasmus/MSK cohort.**=*° Columns represent patients and rows represent genes. TN, triple negative tumors.
¢, d SCUBE2 mRNA levels in Erasmus/MSK patients with different subtypes (c) and metastasis organotropism (d). e Bone metastasis-free
survival analyses of Erasmus/MSK patients of all subtypes stratified by SCUBE2 expression. f SCUBE2 expression and secretion levels in luminal
(blue), TN (red), HER2" (purple) cancer and normal (black) mammary cell lines. g Bone metastasis-free survival analyses of the Qilu breast
cancer patients stratified by SCUBE2 mRNA levels of primary tumors. h Serological SCUBE2 levels of Qilu patients with different metastatic
status (n = 23, 13 for non-met and bone-met, respectively). i SCUBE2 mRNA expression in Qilu tumors grouped by ER status (n =51, 57 for ER”
and ER™, respectively). j Correlation between SCUBE2 and ESR1 expression in the GSE3744 patient dataset.>’ k SCUBE2 promoter activity in
T47D cells with ESRT overexpression and/or estrogen treatment (n =3 biologically independent samples). HR, hazard ratio. P values were
calculated by two-tailed unpaired t-test (c, d, h, i, k), log-rank test (e, g) or Pearson correlation analysis (j). Data represent mean + SD (c, d, k) or

mean + SEM (h, i).

attached to the surface of the cells in which they are produced.>
SCUBE2 is involved in proteolytic release of membrane-anchored
Sonic Hedgehog (SHH),*® promoting its solubility in the extra-
cellular space*™*? and enhancing the interaction of SHH with its
receptor PTCH1.*** SCUBE2 is reported in a gene panel
associated with breast cancer bone metastasis,** but its function
and mechanism in bone metastasis are largely unclear. Here we
show the stromal cell atlas at the early stage of bone colonization
of luminal breast cancer, and report that SCUBE2 promotes bone
metastasis by regulating osteoblast differentiation and immune
suppression in metastatic niches.

RESULTS

SCUBE?2 is upregulated in luminal breast cancer and correlates
with bone metastasis

Reasoning that luminal-specific molecules might underlie the
bone preference of luminal cancer, we analyzed several
public gene expression datasets of clinical breast tumors and
cell lines to search for candidate genes associated with both
luminal subtype and bone metastasis. We focused on genes
encoding secreted proteins since tumor-microenvironment
interaction plays a crucial role in metastasis organotropism
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and tumor-secreted proteins are major mediators for such
interaction. We first analyzed a public Erasmus/MSK clinical
dataset*®™*° with information on both molecular subtyping and
organ-specific metastasis. The analysis revealed a plethora of
luminal-specific or bone metastasis-specific genes (Fig. 1a, b).
Notably, SCUBE2, encoding a secretory protein, appeared as a
top candidate in both the genes upregulated in luminal tumors
vs other subtypes (Fig. 1a) and the genes upregulated in bone-
metastatic tumors vs lung-metastatic tumors (Fig. 1b). In
addition, SCUBE2 was also one of the top luminal-specific genes
in the Cancer Genome Atlas clinical dataset®® (Supplementary
information, Fig. S1a) and a public gene expression dataset
(GSE10890) of breast cancer cell lines (Supplementary informa-
tion, Fig. S1b). In these cohorts, SCUBE2 was highly expressed in
luminal tumors, but not in triple-negative or HER2" tumors, or
normal tissues (Fig. 1¢; Supplementary information, Fig. S1c).
SCUBE2 was also upregulated in bone-metastatic tumors
compared to non-metastatic or lung-metastatic tumors (Fig. 1d).
Kaplan-Meier survival analysis demonstrated the positive
correlation of SCUBE2 expression with risk of bone metastasis
in the whole cohort (Fig. 1e). In luminal tumors, SCUBE2 was
also linked to metastasis to bone, but not to visceral organs
(Supplementary information, Fig. S1d).
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Fig.2 SCUBE2 promotes bone metastasis of breast cancer. a Validation of SCUBE2 overexpression and knockdown in different breast cancer
cell lines. b BLI analyses of bone metastasis by intracardiac injection of MCF7 cells with or without SCUBE2 knockdown in nude mice (n=9
mice for each group). BLI fold changes normalized to day 0 are shown. ¢ Normalized BLI quantification of bone metastasis signals at week 1 in
mice of b. d BLI and hematoxylin & eosin staining (H&E) analyses of early bone colonization after IIA injection of MCF7 cells with or without
SCUBE2 knockdown in nude mice (n=6 mice per group). B bone; T tumor; dotted lines indicate tumor micro-lesion. e Normalized BLI
quantification after IlA injection of Py8119 cells with or without Scube2 overexpression in C57 mice (n =8 and 11 mice for control and Scube2
groups, respectively). f Normalized BLI quantification after lIA injection of MDA-MB-231 cells with or without SCUBE2 overexpression in nude
mice (n =8 mice per group). g, h Orthotopic injection of 4T1.2 cells with or without Scube2 overexpression in BALB/c mice (n =11 mice per
group) for bone metastasis analyses. Shown are ex vivo BLI quantification of hind limbs, representative BLI and H&E staining of bone sections
(g, dotted lines indicate tumor foci) and bone metastasis-free survival (h). P values were calculated by two-tailed unpaired t-test (c, h),

repeated measures two-way ANOVA (b, d—f) and log-rank test (h). Scale bars, 100 um. Data represent mean + SEM (c, g).

To validate relevance of SCUBE2 expression with subtypes and
metastasis, we analyzed the mRNA (Supplementary information,
Fig. S1e) and protein levels (Fig. 1f) of SCUBE2 in a number of
breast cancer cell lines and confirmed the upregulation of SCUBE2
in ER™ luminal cells. Further, we analyzed a Qilu cohort of human
breast tumors and found that SCUBE2 was specifically expressed in
luminal tumors (Supplementary information, Fig. S1f) and linked
to shortened bone metastasis-free survival in all subtypes (Fig. 1g),
as well as in the luminal subtype (Supplementary information,
Fig. S1g). We also analyzed the expression of secreted SCUBE2
protein in the blood of patients in Qilu cohort and again observed
the upregulation of SCUBE2 in patients with bone recurrence
compared to those without distant recurrence (Fig. 1h). Thus,
SCUBE2 is highly expressed in luminal breast cancer and positively
correlates with bone metastasis.

SCUBE?2 is regulated by ER signaling in luminal breast cancer
We investigated the mechanism for SCUBE2 upregulation in
luminal tumors. In both the Qilu and Erasmus/MSK cohorts, we
observed positive correlations of SCUBE2 expression and secretion
with ER status (Fig. 1i; Supplementary information, Fig. S1h, i). In
another published clinical dataset GSE3744,>' SCUBE2 transcrip-
tion was also elevated in ER* tumors (Supplementary information,
Fig. S1j), with a strong correlation with expression of estrogen
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receptor alpha (ERa)-encoding gene ESRT (Fig. 1j). To assess
whether SCUBE2 is regulated by ER signaling, a number of ER"
breast cancer cells MCF7, BT474, TA7D and ZR75-1 were treated
with estrogen and significant upregulation of SCUBE2 expression
(Supplementary information, Fig. S1k, 1) was observed in all these
lines. Treatment with the ER antagonist fulvestrant or tamoxifen
significantly inhibited SCUBE2 expression (Supplementary infor-
mation, Fig. STm). Sequence analysis of the SCUBE2 promoter
revealed many potential ERa binding sites. In T47D cells, both
ESR1 overexpression and estrogen significantly enhanced the
activity of SCUBE2 promoter and dual treatment maximized the
promoter activation (Fig. 1k). These data suggested that SCUBE2
expression is upregulated by ER signaling in luminal breast cancer.

SCUBE2 promotes bone metastasis of breast cancer

To explore the functional role of SCUBE2 in bone metastasis,
SCUBE2 was stably knocked down in two ER" luminal cell lines
MCF7 and T47D (Fig. 2a; Supplementary information, Fig. S2a).
SCUBE2 knockdown significantly reduced bone metastasis burden
following intracardiac injection of cancer cells into mice (Fig. 2b).
Noticeably, bioluminescent imaging (BLI) quantification showed
that metastasis signal was already prominently suppressed by
SCUBE2 knockdown at the first week after cancer cell inoculation
(Fig. 2¢), indicating a role of SCUBE2 in the early stage of
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Fig. 3 scRNA-seq analysis identified osteoblast enrichment in bone niches of SCUBE2-expressing tumor cells. a tSNE plots of 18,230 cells
in mouse bone niches one week after A injection of control (Ctrl) MCF7 cells or those with SCUBE2 knockdown (KD) (n = 7 mice). Cells were
grouped into 24 distinct clusters (C0-23), with C1, 4, 9, 19 as granulocytes, C2, 6, 7, 8, 16, 17, 22 as erythrocytes, C3, 13, 14 as monocytes, C5,
10, 11, 12, 15, 18 as B cells, C20, 21 as OLCs, and C23 as BMECs. b Relative fraction of cell numbers of each cluster in Ctrl and KD niches.
¢ Expression of selected genes in OLCs of Ctrl and KD niches. d tSNE plots of OLCs in Ctrl and KD niches. e Expression of selected marker genes
in the two OLC clusters. f GO analysis of enriched genes in C21 vs C20 OLCs.

metastatic colonization. Then we used intra-iliac artery (lIA)
injection, an approach selectively delivering cancer cells to hind
limbs through the external iliac artery, to monitor early-stage bone
colonization.?? Indeed, SCUBE2 knockdown in both luminal cell
lines reduced cancer cell signal in the hind limbs at early time
points after inoculation, resulting in fewer micro-lesions in the
bone (Fig. 2d; Supplementary information, Fig. S2b). We further
overexpressed Scube2 in a murine cancer cell line Py8119 derived
from the PyMT spontaneous breast tumor (Fig. 2a; Supplementary
information, Fig. S2a). Py8119 cells are ER positive, in which Scube2
expression is responsive to estrogen treatment (Supplementary
information, Fig. S2c). Scube2 overexpression did not affect
mammary tumor growth of Py8119 cells (Supplementary informa-
tion, Fig. S2d), but resulted in increased bone metastasis in
immunocompetent mice following IlA injection of the cells
(Fig. 2e), further confirming the role of SCUBE2 in bone metastasis
of luminal cancer.

Although SCUBE2 is upregulated in luminal breast cancer, its
effect on metastasis may or may not be luminal subtype-
dependent. To investigate this, we stably overexpressed SCUBE2
in a triple-negative breast cancer cell line MDA-MB-231 (Supple-
mentary information, Fig. S2e, f), and still observed a significant
exacerbation of bone colonization in a week after llA inoculation
of the cells into nude mice (Fig. 2f), indicating that the pro-
metastasis effect of SCUBE2 may not rely on luminal cell context
once it is upregulated. We further orthotopically implanted the
murine 4T1.2 breast cancer cells®® with Scube2 overexpression
(Supplementary information, Fig. S2e, f) into the mammary fat
pads of BALB/c mice to assess the effect of Scube2 in spontaneous
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metastasis model. SCUBE2 had no effect on primary tumor growth
(Supplementary information, Fig. S2g), but prominently acceler-
ated bone metastasis in the hind limbs (Fig. 2g) and shortened
bone metastasis-free survival (Fig. 2h). These findings demon-
strated a pro-bone metastatic role of SCUBE2 during the early
colonization stage.

Since SCUBE2 influenced bone colonization without affecting
primary tumor growth, we further analyzed its effects on in vitro
cancer cell growth, invasion, migration and apoptosis, and
observed that SCUBE2 overexpression or knockdown did not
obviously regulate these intrinsic properties of cancer cells
(Supplementary information, Fig. S2h-k), suggesting a
microenvironment-dependent role of SCUBE2 in bone metastasis.

SCUBE2 promotes osteoblast differentiation in bone
metastasis niches

Thus, single-cell RNA sequencing (scRNA-seq) analysis was
performed to explore the cellular components in bone metastasis
niches one week after IIA injection of MCF7 cells into BALB/c nude
mice. CD45~ stromal cells were enriched for the analysis, since the
majority of bone marrow cells are CD45" immune cells
(Supplementary information, Fig. S3a). Unbiased clustering of
the scRNA-seq data revealed 24 cell clusters of 6 major groups, in
the metastasis niches (Fig. 3a; Supplementary information,
Fig. S3b-e), including granulocytes expressing Cebpe® (clusters
0,1, 4,9 and 19), erythrocytes expressing Hba-a2*>* (clusters 2, 6, 7,
8, 16, 17 and 22), B cells expressing Cd19°> (clusters 5, 10, 11, 12,
15 and 18), monocytes expressing Csf1r® (clusters 3, 13 and 14),
osteolineage cells (OLCs) expressing Alp/*” (clusters 20 and 21) and
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Fig.4 SCUBE2 promotes osteogenic niche formation by releasing tumoral SHH. a IF analyses of ALP™ osteoblasts around GFP* cancer cells
in bones at day 7 after IIA injection of MCF7 cells with or without SCUBE2 knockdown. The numbers and percentages of ALP™ osteoblasts in
stromal cells in direct contact with microscopic lesions are shown (n = 23, 18 and 11 random microscopic fields (RMFs) from 4 mice per group).
b-d Osteoblast differentiation of MSCs induced by control DMEM medium or CM from MCF7 cells with or without SCUBE2 knockdown. Shown
are Alizarin Red S (ARS) staining (b), ALP activity (c), and mRNA levels of osteoblastogenesis marker genes (d). e ALP activity of MSCs treated
with CM of luminal (blue), TN (red), HER2™ (purple) cancer and normal (black) mammary cell lines. f ARS staining of MSC-derived osteoblasts
induced by DMEM or CM from rhSCUBE2-treated MCF7 cells. g SHH expression and release after SCUBE2 knockdown or overexpression in
MCF7 cells. h GLI reporter activity in MC3T3 cells treated with DMEM, or CM of MCF7 cells with or without SCUBE2 knockdown, or CM of MDA-
MB-231 cells with or without SCUBE2 overexpression. i SHH secretion by rhSCUBE2-treated MCF7 cells. j ALP activity of MSC-derived
osteoblasts with treatment of CM from MCF7 cells with or without SCUBE2 overexpression, and/or Sonidegib or 5E1. P values were calculated
by two-tailed unpaired t-test. Scale bars, 100 pm. Data represent mean + SEM (a) or mean + SD (others). n=4 (b, h, j) or 6 (c, f) biologically

independent samples.

bone marrow endothelial cells (BMECs) expressing Cdh5>® (cluster
23). We compared the niche composition of MCF7 cells with or
without SCUBE2 knockdown, and found that the fraction of OLCs
displayed the most obvious change (Supplementary information,
Fig. S3f). Analyses of all the cell clusters also showed that cluster
21 of OLCs was dramatically depleted by SCUBE2 knockdown, but
the changes of other clusters were not manifest (Fig. 3a, b).
Osteogenic genes, such as Alpl, Bglap, Sp7, and pathways, such as
ossification and collagen formation, were downregulated in OLCs
after SCUBE2 knockdown (Fig. 3¢; Supplementary information,
Fig. S3g), indicating the regulation of osteoblastic function by
SCUBE2. Although SCUBE2 was previously reported to function as
a VEGFR2 co-receptor and regulate angiogenesis,>® we did not
observe obvious changes either in the abundance or CD31 activity
of endothelial cells in the bone after SCUBE2 knockdown
(Supplementary information, Fig. S3f, h, i).

Further analysis of OLCs confirmed the depletion of cluster 21,
but not cluster 20, after SCUBE2 knockdown (Fig. 3d). Cluster 20
was annotated as mesenchymal stromal cells (MSCs) and cluster
21 as osteoblasts according to previously identified markers of
these two cell types®®®' (Fig. 3e). GO analysis also validated the
enrichment of osteoblast-specific pathways in cluster 21 as
compared to cluster 20 (Fig. 3f). Collectively, scRNA analysis
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revealed a depletion of osteoblasts in the bone metastasis niches
after SCUBE2 knockdown in cancer cells.

Validating the scRNA-seq analyses, both immunohistochemistry
and immunofluorescent (IF) staining demonstrated the decreased
number and percentage of alkaline phosphatase (ALP)* osteo-
blasts surrounding SCUBE2-deficient tumor cells, while SCUBE2
overexpression in human and murine breast tumor cells led to the
enrichment of osteoblasts in early bone niches (Fig. 4a; Supple-
mentary information, Fig. S4a, b). In contrast, the abundance of
osteoclasts, which are often induced during the outgrowth stage
of breast cancer bone colonization, was not obviously changed in
the early metastatic niches (Supplementary information, Fig. S4a).

Consistent with the analyses of metastasis sections of the mice,
in vitro assays confirmed the role of SCUBE2 in differentiation of
osteoblasts (Fig. 4b-d), but not osteoclasts (Supplementary
information, Fig. S4c). SCUBE2 knockdown significantly inhibited
the ability of tumor cell conditioned medium (CM) to induce
osteogenic differentiation from MSCs, leading to less mineraliza-
tion, declined ALP activity and suppressed expression of
osteoblastogenesis-related genes (Fig. 4b-d). Consistently,
SCUBE2 upregulation in multiple breast cancer cell lines markedly
enhanced the ability of their CM to induce MSC differentiation into
osteoblasts (Supplementary information, Fig. S4d, e). Fulvestrant
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treatment of MCF7 cells significantly inhibited CM-induced
osteoblast differentiation (Supplementary information, Fig. S4f,
g). Furthermore, CM of luminal breast cancer cells, which express
higher levels of SCUBE2 (Fig. 1f), showed stronger osteoblast-
inducing abilities than cell lines of other subtypes (Fig. 4e). These
data confirmed that SCUBE2 enhances osteogenic maturation.

SCUBE2 induces osteogenic differentiation by mediating SHH
release from tumor cells

To investigate how tumoral SCUBE2 influences osteoblast
differentiation, the recombinant human SCUBE2 (rhSCUBE2)
protein was used in osteoblast differentiation culture. Direct
treatment of MSCs with rhSCUBE2 had no impact on osteoblast
maturation (Supplementary information, Fig. S4h), while rhSCUBE2
treatment of tumor cells significantly increased the ability of
tumoral CM to induce osteoblast differentiation from MSCs (Fig. 4f;
Supplementary information, Fig. S4i). These data suggested that
tumor-secreted SCUBE2 plays an autocrine role to regulate
osteoblasts. Previous studies reported that SCUBE2 promotes
SHH release into the extracellular space and enhances SHH activity
in some cell types.**%*® Concordantly, our data showed that
SCUBE2 expression resulted in enhanced secretion, but not
expression, of SHH in cancer cells (Fig. 4g; Supplementary
information, Fig. S4j). In addition, MCF7 CM could activate the
Hedgehog signaling in MC3T3 cells transfected with a GLI-
dependent luciferase reporter, while SCUBE2 knockdown in
MCF7 cells attenuated Hedgehog signaling activation in MC3T3
cells (Fig. 4h). In contrast, SCUBE2 overexpression in MDA-MB-231
cells enhanced tumoral CM-induced Hedgehog signaling activa-
tion in MC3T3 cells (Fig. 4h). This was consistent with the scRNA-
seq data showing the downregulation of Hedgehog downstream
gene Ptch1 in osteoblasts after SCUBE2 knockdown (Fig. 3¢, e).

In addition, treating MCF7 cells with rhSCUBE2 protein led to a
higher extracellular SHH level (Fig. 4i). Direct treatment of MSCs
with recombinant human SHH protein accelerated osteoblast
differentiation (Supplementary information, Fig. S4k). Inhibiting
SHH in MCF7 CM with an SHH-neutralizing antibody 5E1 or the
Hedgehog signaling inhibitor Sonidegib significantly suppressed
CM-induced osteogenic differentiation of MSCs (Fig. 4j). More
importantly, both 5E1 and Sonidegib could completely block the
effect of SCUBE2 overexpression on osteoblastogenesis, resulting
in decreased ALP activity (Fig. 4j) and expression of osteogenic
markers in osteoblasts (Supplementary information, Fig. S4l). In
addition, analysis of the bone metastases from MCF7 cells
demonstrated the expression of SHH mainly by tumor cells
(Supplementary information, Fig. S4m). Clinically, breast tumors
with high expression of both SCUBE2 and SHH displayed
exacerbated bone metastasis (Supplementary information,
Fig. S4n). Together, these data indicated that SCUBE2 plays its
role by enhancing tumoral SHH secretion.

SCUBE2 promotes bone metastasis by activating Hedgehog
signaling in pre-osteoblasts

To further interrogate whether Hedgehog signaling activation in
osteoblasts mediates the pro-metastatic effect of tumoral SCUBE2,
Hedgehog signaling in MSCs was constitutively suppressed by
Smo knockdown (Fig. 5a; Supplementary information, Fig. S5a) or
activated by GliT overexpression (Supplementary information,
Fig. S5b, ). Smo inhibition resulted in reduction of osteoblast
maturation (Fig. 5b), ALP activity (Fig. 5c) and osteogenic gene
expression (Fig. 5d), while Gli1T overexpression significantly
promoted osteoblast differentiation (Supplementary information,
Fig. S5d—f). These data were concordant with previous reports®*%3
that Hedgehog signaling plays a positive role in osteogenic
differentiation. Importantly, Hedgehog inhibition in MSCs com-
pletely diminished the pro-osteogenic effect of SCUBE2 (Fig. 5e, f).
To explore the function of Hedgehog signaling in bone metastasis,
Py8119 cancer cells with Scube2 overexpression and MSCs with
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Smo knockdown were co-administered into mice by lIA injection.
Notably, Hedgehog inhibition in MSCs totally blocked the effect of
SCUBE2 in tumor cells for bone metastasis, resulting in decrease of
osteoblasts in the early niches and delayed metastasis (Fig. 5g;
Supplementary information, Fig. S5g, h). Concordantly, MSCs and
osteoblasts, including MC3T3 and hFOB1.19 cells, all expressed
high levels of Hedgehog receptors and signaling component
proteins, including SMO, PTCH1, PTCH2 and GLI1. The expression
of Hedgehog components was further elevated in MSCs when
differentiated into osteoblasts (Supplementary information,
Fig. S5i). In contrast, their expression was much lower in breast
cancer cells (Supplementary information, Fig. S5i). Hedgehog
signaling inhibition in Scube2-overexpressing cancer cells by Smo
knockdown (Supplementary information, Fig. S5j) had no impact
on in vivo bone metastasis (Supplementary information, Fig. S5k).
However, when SHH expression was silenced in MCF7 cells with
SCUBE2 overexpression (Fig. 5h), the pro-osteogenic ability of
MCF7 CM and in vivo bone metastasis from MCF7 cells were
markedly suppressed. Importantly, the effects of SCUBE2 over-
expression were completely blocked (Fig. 5i, j). Collectively, these
data showed that SCUBE2 promotes bone metastasis by facilitat-
ing tumoral SHH secretion, leading to Hedgehog signaling
activation and osteogenic differentiation of pre-osteoblasts.

Osteogenic niches protect tumor cells from immune
cytotoxicity

Next, we explored how SCUBE2-induced osteogenic niches affect
bone colonization of breast cancer. It was observed that SCUBE2
knockdown did not affect the proliferation (Supplementary
information, Fig. S6a), but significantly promoted the apoptosis
(Supplementary information, Fig. S6b) of cancer cells in bone.
Concordantly, Scube2 overexpression reduced the percentage of
cleaved Caspase3™ apoptotic tumor cells (Fig. 6a). This was in
contrast with our previous data showing that SCUBE2 had no
effect on apoptosis of tumor cells in vitro (Supplementary
information, Fig. S2k), indicating the involvement of osteoblasts
or other microenvironmental components in regulation of tumor
cell apoptosis.

Notably, we also observed the enhanced presence of NKp46™
natural killer (NK) cells in the osteoblast-deprived niches
surrounding SCUBE2-deficient tumor cells in IF analyses, while
NK cells were depleted by Scube2 overexpression, revealing a
negative correlation between osteoblasts and NK cell activation in
the niches (Fig. 6b; Supplementary information, Fig. S6¢). Thus, we
analyzed the CD45" immune cells in early bone metastasis niches
from MCF7 cells with or without SCUBE2 knockdown by scRNA-seq
(Supplementary information, Fig. S6d), which revealed 15 cell
clusters (Supplementary information, Fig. S6e-g). The expression
of genes and pathways related to immune activation was
significantly elevated in NK cells (cluster 13) after SCUBE2
knockdown (Fig. 6¢c; Supplementary information, Fig. Séh, i).
Flow cytometry (FACS) analysis of niche cells also confirmed
these observations (Fig. 6d; Supplementary information, Fig. S6j).
In addition, SCUBE2 promoted bone metastasis in nude mice
(Fig. 2b), but not in severely immunodeficient NSG mice
(Supplementary information, Fig. S6k), further suggesting a role of
NK cells in SCUBE2-mediated regulation of bone metastasis.

Then we tested whether osteoblasts and NK cells are involved
in regulation of tumor apoptosis with in vitro immune killing
assays (Supplementary information, Fig. S7a). Co-culturing MCF7
cells with NK92 NK cells caused obvious tumor cell apoptosis,
but supplementing hFOB1.19 osteoblasts in the co-culture
reduced apoptosis of MCF7 cells. The tumor-protective effect of
hFOB1.19 cells was significantly higher than that of undifferen-
tiated MSCs (Supplementary information, Fig. S7b). Osteoblasts
also protected the patient-derived organoids (PDOs) of luminal
breast cancer from NK killing (Fig. 6e, f). The CM of osteoblasts
showed similar protective effects (Supplementary information,
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Fig. 5 SCUBE2 promotes bone metastasis by activating Hedgehog signaling in pre-osteoblasts. a Expression of Hedgehog signaling
components in MSCs after Smo knockdown. b-d ARS staining (b), ALP activity (c) and expression of osteoblastogenesis marker genes (d) in
osteoblasts derived from MSCs with or without Smo knockdown. e, f ALP activity (e) and ARS staining (f) of osteoblasts derived from MSCs
with Smo knockdown and/or treatment of CM from Py8119 cells with or without Scube2 overexpression. g IIA injection of mixed Py8119 cells
(with or without Scube2 overexpression) and MSCs (with or without Smo knockdown) into C57 mice (n =5 mice per group). Shown are BLI of
bone metastasis (left) and IF analyses of ALP* osteoblast percentages around GFP* cancer cells in bone sections (right, n = 86-93 RMFs from 4
mice per group). h SHH expression and secretion in MCF7 cells with SCUBE2 overexpression and/or SHH knockdown. i ARS staining of MSC-
derived osteoblasts treated with CM from MCF7 cells with SCUBE2 overexpression and/or SHH knockdown. j Bone metastasis of MCF7 cells
with SCUBE2 overexpression and/or SHH knockdown after IIA injection in nude mice (n = 6-7 mice per group). Scale bars, 100 um. P values

were calculated by two-tailed unpaired t-test (b-g, i, j) and repeated
mean + SD (c-f, i) or mean £ SEM (g, j). Box plots display values of the mi
(b, e) or 6 (c, f, i) biologically independent samples.

Fig. S7c). Pre-treating MSCs with SCUBE2-expressing tumor cell CM
to enhance osteoblast differentiation would further promote
tumor protection, while SCUBE2 knockdown or fulvestrant
treatment of tumor cells abrogated such an effect (Fig. 6g;
Supplementary information, Fig. S7d). However, SCUBE2 had no
impact on NK92 cytotoxicity of tumor cells in the absence of
osteoblasts (Supplementary information, Fig. S7e). Concordantly,
osteoblasts treated with tumor cell CM or Gli overexpression
inhibited the expression of cytotoxic cytokines, including IFNy and
TNFa, in NK92 cells, as shown by both mRNA and FACS analyses
(Fig. 6h, i; Supplementary information, Fig. S7f), leading to
enhanced tumor protection (Supplementary information, Fig. S7g).
These data suggested that certain extracellular factors expressed
by differentiated osteoblasts suppress lymphocyte activation and
protect tumor cells from immune cytotoxicity.

Osteoblasts inhibits NK cells via collagen-LAIR1 signaling

To examine how osteoblasts suppress lymphocytes, we compared
the expression profiles of MSCs and MSC-derived osteoblasts
which were treated with CM of MCF7 cells with or without
SCUBE2 knockdown by mRNA sequencing. Gene set enrichment
analysis (GSEA) and GO analyses showed the upregulation of
molecular pathways related to immune regulation, Hedgehog
signaling and osteoblast differentiation®*®® in MSCs treated with
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measures two-way ANOVA (g). NS not significant. Data represent
nimum, first quartile, median, third quartile and maximum (b). n=4

SCUBE2-expressing tumor CM (Fig. 7a, b; Supplementary informa-
tion, Fig. S8a), corroborating the effects of SCUBE2 on osteoblasts.
Interestingly, several collagen and extracellular matrix (ECM)-
related signatures were also upregulated in SCUBE2-induced
osteoblasts (Fig. 7a, b). Indeed, many collagen-encoding genes
were upregulated in MSCs by tumor CM, and the upregulation was
dependent on SCUBE2 expression in cancer cells (Fig. 7c). This was
consistent with the scRNA-seq analysis showing the upregulation
of collagen-related pathways in OLCs enhanced by SCUBE2
(Fig. 3f; Supplementary information, Fig. S3g).

Collagens are major components of ECM and are known to play
crucial roles in tumor progression and metastasis.®*"*® More
recently, it was found that collagens act as ligands of the
inhibitory receptor LAIR1 of immune cells,**~”" which suppresses
lymphocytic activity through SHP1 signaling.”>’* Among the
collagen superfamily, collagen type 1 (COL1) is the major organic
component of bone”® and expressed mainly by osteoblasts.”®
COL1 expression and secretion in MSC-derived osteoblasts were
enhanced by SCUBE2-expressing tumor CM or Hedgehog signaling
activation in MSCs (Supplementary information, Fig. S8b). More
importantly, IF staining of bone sections revealed reduced COL1
level around tumor cells with SCUBE2 knockdown (Supplementary
information, Fig. S8c), while Scube2 overexpression enhanced
COL1 expression in the niches (Supplementary information,
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Fig. 6 Osteoblasts promote tumor survival by immune suppression. a IF analyses of cleaved Caspase3 (cCASP3) for tumor apoptosis in bone
at day 5 after lIA injection of GFP™ Py8119 cells with or without Scube2 overexpression (n =15 and 27 RMFs from 3 mice per group). b IF
analyses of ALP" osteoblasts and NKp46" NK cells in bone niches at day 7 after IIA injection of MCF7 cells (with or without SCUBE2
knockdown) or Py8119 cells (with or without Scube2 overexpression). Shown are representative images and correlation of ALP intensity with
number of NK cells in MCF7 niches. ¢ Expression of selected genes measured by scRNA-seq in NK cells of control (Ctrl) and SCUBE2-deficient
(KD) MCF?7 niches. d FACS analyses of NK cells in bone niches at day 7 after IIA injection of MCF7 cells (with or without SCUBE2 knockdown) or
Py8119 cells (with or without Scube2 overexpression). e, f Analyses of immune killing of a luminal PDO sample LTMBC-3 co-cultured with NK92
cells and the indicated cells for 48 h. LTMBC-3 was pre-labeled with FITC. Shown are representative images of organoids, numbers of NK92-
covered organoids (e) and numbers of surviving organoids (f, n = 4 biologically independent samples). g In vitro immune killing of MCF7 cells
by NK92 cells, after treatment with DMEM or CM from MSC-derived osteoblasts which were pre-treated with CM from MCF7 cells with or
without SCUBE2 knockdown (n = 6 biologically independent samples) See assay setup in Supplementary information, Fig. S6j. h, i IFNy mRNA
expression (h) and FACS analyses of TNFa and IFNy protein expression (i) in NK92 cells after treatment with CM from MSC-derived osteoblasts
with GliT overexpression or Smo knockdown for 24 h. P values were calculated by two-tailed unpaired t-test. Scale bars, 100 pm. Data represent
mean + SEM (@) or mean £ SD (others). Box plots display values of the minimum, first quartile, median, third quartile and maximum (d, g).

Fig. S8d). Furthermore, recombinant COL1 protein was able to
dose-dependently protect MCF7 cells from immune killing of
NK92 cells in lymphocyte-tumor co-culture (Fig. 7d), and rescue
immune suppression which was downregulated by Smo knock-
down of osteoblasts in lymphocyte—osteoblast-tumor co-culture
(Supplementary information, Fig. S8e). Knockdown of the collagen
receptor LAIRT in NK92 cells (Supplementary information, Fig. S8f)
efficiently relieved osteoblast-mediated immune suppression
(Fig. 7e). Treating the co-culture with LAIR2, a soluble LAIR1
competitive ligand antagonizing collagen-LAIR1 interaction,?
also dose-dependently reduced the immune-suppressive effect
of osteoblast CM (Fig. 7f). In addition, an elevation of SHP1
phosphorylation, along with the suppression of lymphocytic
cytokines downstream of LAIR1, was observed in NK92 cells when
the lymphocytes were treated with CM from Hedgehog signaling-
activated osteoblasts, while Hedgehog signaling inhibition in
osteoblasts or SCUBE2 knockdown in tumor cells led to the
opposite effects (Fig. 7g-i).

Since LAIRT is widely expressed by immune cells, we
hypothesized that osteoblasts may also regulate other immune
cells. Indeed, COL1 protein could also suppress the cytotoxicity of

77,78
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Jurkat T cells (Supplementary information, Fig. S8g). Furthermore,
tumoral SCUBE2 knockdown or osteoblastic Smo knockdown
relieved T cell suppression, while Hedgehog signaling activation in
osteoblasts enforced the suppression, together with regulation of
cytotoxic cytokines and LAIR1T downstream cytokines in T cells
(Supplementary information, Fig. S8h-I). We also observed a slight
decrease of CD8" T cells and significant depletion of cytotoxic
cytokines in the early bone niches of SCUBE2-overexpressing
tumor cells (Supplementary information, Fig. S8m, n). By contrast,
macrophage polarization was not affected by SCUBE2 (Supple-
mentary information, Fig. S80). Thus, these data revealed a
SCUBE2-Hedgehog-collagen axis in early metastatic niches to
suppress NK cells and other lymphocytes during luminal breast
cancer bone metastasis (Fig. 7j).

SCUBE2 expression correlates with osteoblast differentiation
and immune suppression in clinical bone metastases

Next, we assessed the clinical relevance of SCUBE2 expression
with osteoblast differentiation and lymphocyte infiltration in
human breast cancer. IF staining of clinical bone metastases
demonstrated significantly elevated ALP* osteoblasts and COL1
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Fig. 7 The collagen-LAIR1 axis mediates osteoblast-induced immune suppression. a, b GSEA analyses of SHH-upregulated (top) and
collagen formation (bottom) gene sets (a) and GO analyses of enriched genes (b) in the RNA-seq profiles of MSC-derived osteoblasts treated
with CM from control vs SCUBE2-deficient MCF7 cells. ¢ Expression heatmap of collagen-encoding genes in undifferentiated MSCs or MSC-
derived osteoblasts treated with CM from control or SCUBE2-deficient MCF7 cells. d In vitro immune killing of MCF7 cells by NK92 cells treated
with various concentrations of COL1 protein. e In vitro immune killing of MCF7 cells by NK92 cells with LAIR1 knockdown, and/or with
osteoblast (OB) CM. f In vitro immune killing of MCF7 cells by NK92 cells treated with osteoblast CM and/or various concentrations of LAIR2
protein. g SHP1 phosphorylation in NK92 cells treated with CM from undifferentiated MSCs or MSC-derived osteoblasts with Gli7
overexpression or Smo knockdown. h, i LAIRT downstream cytokine mRNA expression in NK92 cells cultured in CM from osteoblasts
differentiated from MSCs with or without GliT overexpression (h) or treated with CM from MCF7 cells with or without SCUBE2 knockdown (i).
See assay setup in Supplementary information, Fig. S6j. j A schematic model depicting the role of SCUBE2 in bone metastasis of luminal breast
cancer (BC). P values were calculated by two-tailed unpaired t-test (d-f, h, i). Data represent mean + SD (h, i). Box plots display values of the
minimum, first quartile, median, third quartile and maximum (d-f). n = 4 biologically independent samples (d-f).

deposition around SCUBE2" tumor cells, forming an osteogenic
niche (Fig. 8a; Supplementary information, Fig. S9a), showing
obvious positive correlation of tumoral SCUBE2 expression to ALP
and COL1 intensities (Fig. 8b; Supplementary information, Fig. S9b).
In addition, significantly fewer NKp46* NK cells and Granzyme B
(GZMB)" lymphocytes were observed in metastases with higher
SCUBE2 expression (Fig. 8a; Supplementary information, Fig. S9c,
d). Negative correlations were observed between infiltration of
NK cells with SCUBE2 expression, and between infiltra-
tion of GZMB™ lymphocytes with SCUBE2 and COL1 expression
in the metastases (Fig. 8c; Supplementary information, Fig. S9d-f).
Besides, SCUBE2 expression was higher in bone metastases of ER"
tumors than those of ER™ tumors (Supplementary information,
Fig. S99). These data corroborated the role of SCUBE2 in bone
metastasis of luminal cancer.

Targeting Hedgehog signaling with Sonidegib prevents bone
metastasis in mice

Given the critical role of Hedgehog signaling in osteoblastic niche,
we tested the effect of Hedgehog signaling targeting on bone
metastasis. Sonidegib is a Hedgehog signaling inhibitor and
therapeutic candidate for some tumors,’™®? but its efficacy to
treat breast cancer metastasis has not been tested. BALB/c mice
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with intracardiac implantation of 4T1.2 cells were treated by daily
oral administration of Sonidegib. The treatment reduced ALP
expression around tumor cells and recovered NK cell infiltration in
bone lesions (Supplementary information, Fig. S10a), leading to
alleviated bone metastasis burden (Fig. 8d), and extended survival
of the mice (Fig. 8e). We further assessed the effects of Sonidegib
on spontaneous bone metastasis by orthotopically implanting
4T1.2 cells with Scube2 overexpression into BALB/c mice.
Sonidegib had no effect on primary tumor growth (Supplementary
information, Fig. S10b), but significantly inhibited bone metastasis
(Fig. 8f). In addition, Sonidegib was also effective to suppress bone
metastasis of human MCF7 cells in nude mice (Supplementary
information, Fig. S10c).

A SCUBE2 neutralizing antibody effectively suppresses bone
metastasis of breast cancer

The specific high expression of SCUBE2 in luminal breast cancer,
but not in normal tissues or other breast cancer subtypes (Fig. 1c,
f; Supplementary information, Fig. S1c, e), indicates the potential
of SCUBE2 as a therapeutic target for luminal breast cancer. Thus,
we sought to develop a SCUBE2 neutralizing antibody targeting
the CUB domain which is essential for SHH shedding,”® and
successfully identified an IgG monoclone LTMA16D5 by functional
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Fig. 8 Clinical relevance and therapeutic targeting of Hedgehog signaling and SCUBE2 in bone metastasis. a-c IF analyses of SCUBE2
expression, osteoblasts (ALP) and NK cells (NKp46) in human bone metastases (n=20) of the Qilu breast cancer cohort. Shown are
representative IF images and ALP expression in samples grouped by SCUBE2 expression (a), correlation between SCUBE2 expression and ALP
expression (b) and NK cell infiltration (c). d, e Effects of oral Sonidegib administration on bone metastasis in BALB/c mice with intracardiac
injection of 4T1.2 cells (n = 9 per group). Shown are bone metastasis BLI and representative images (d) and survival of the mice (e). f Effects of
oral Sonidegib administration from day 7 after orthotopic injection of 4T1.2 cells with Scube2 overexpression in BALB/c mice (n =9, 8 mice for
control and Sonidegib groups, respectively). Shown are normalized BLI quantification of hind limb and representative images. g SHH secretion
by 4T1.2 cells treated with IgG or the SCUBE2-neutralizing antibody LTMA16D5 (16D5). h ALP activity of MSC-derived osteoblasts treated with
DMEM medium or CM from MCF7 cells pretreated with LTMA16D5 (n = 6 biologically independent samples). i-l Efficacy of LTMA16D5 to treat
bone metastasis in nude mice with intracardiac injection of MCF7 cells (n =9 mice per group). Shown are normalized BLI quantitation and
representative images of whole body bone metastasis (i), ex vivo BLI quantification of hind limbs and H&E staining of bone sections (j),
serological level of human SHH in the mice (k), and IF intensities of ALP and NKp46 in bone metastases (I, n =5 RMFs from 3 mice per group).
P values were calculated by two-tailed unpaired t-test (a, f, h, j-I), Pearson correlation analysis (b, ) or log-rank test (e) and repeated measures
two-way ANOVA (d, i). Scale bars, 100 pm. Data represent mean = SD (h) or mean + SEM (d, f, i-I).

screening. The antibody purified from hybridoma-inoculated
mouse ascites (Supplementary information, Fig. S10d) specifically
detected SCUBE2 in lysates of SCUBE2-expressing tumor cells
(Supplementary information, Fig. S10e). Importantly, LTMA16D5
effectively inhibited SHH release from 4T1.2 cells (Fig. 8g) and
MCF7 cells in a dose-dependent manner (Supplementary informa-
tion, Fig. S10f), leading to suppression of Hedgehog signaling
(Supplementary information, Fig. S10g) and osteoblastogenesis
(Fig. 8h) in MSCs when MSCs were cultured in tumoral CM.

Then we further tested the efficacy of LTMA16D5 to treat bone
metastasis in vivo. Notably, daily intraperitoneal injection of
LTMA16D5 in nude mice with intracardiac implantation of MCF7
cells significantly alleviated mice from bone metastasis burden
(Fig. 8i, j). In addition, we observed a reduction of SHH secreted
by MCF7 cells in the blood of mice treated with the antibody
(Fig. 8k), together with fewer osteoblasts and more NK cells in
bone metastases (Fig. 8l; Supplementary information, Fig. S10h).
In addition, LTMA16D5 was also effective for metastasis treatment
in immunocompetent mice. When the BALB/c mice inoculated
with 4T1.2 cells were treated with LTMA16D5 hybridoma CM,
suppression of serological murine SHH level and bone metastasis
was obviously observed (Supplementary information, Fig. S10i-k).
IF analyses of bone sections also showed suppressed
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osteoblastogenesis and recovered NK infiltration around tumor
cells, accompanied by elevated tumor death (Supplementary
information, Fig. S10l). Collectively, our data demonstrated the
promising potential of the SCUBE2 neutralizing antibody to treat
breast cancer bone metastasis.

DISCUSSION

Previous studies have identified a plethora of tumor genetic
programs regulating bone metastasis of breast cancer. However,
these regulations were primarily established with triple-negative
or ER™ cell line models, including MDA-MB-231, 4T1, AT3 cells and
their derivatives>'#38> More importantly, many of the tumor-
derived molecules reported to promote bone metastasis, such as
CXCR4, MMP1, IL6 and Jagged1?' are often known to be
upregulated in triple-negative breast cancer and thus cannot
explain the bone preference of luminal breast cancer metastasis.
In this study, we identified the secretory protein SCUBE2 with a
critical role in bone colonization of luminal breast cancer. SCUBE2
acts on tumor cells in an autocrine manner to release membrane-
anchored SHH, leading to Hedgehog signaling activation and
differentiation of osteogenic cells. Osteoblasts secrete collagen to
activate the inhibitory LAIR1 signal of NK cells, resulting in
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immune suppression and tumor cell survival in bone (Fig. 7j).
Importantly, SCUBE2 is a downstream component of ER signaling
and therefore specifically upregulated in luminal tumors. Thus, our
findings discover a mechanism of high risk for bone recurrence in
luminal breast cancer. In addition, the involvement of osteogenic
niche in the pathway also explains the unique tropism of luminal
tumors to bone, but not to other organs, for metastasis.

Our study will also enrich the understanding towards osteo-
genic niches in bone metastasis. Tumor cells are known to exploit
hematopoietic niches or mesenchymal niches for bone coloniza-
tion.®® A number of recent studies?® 32 also demonstrated the role
of osteogenic niches in bone colonization of cancer cells.
Osteogenic cells can promote tumor colonization by direct tumor
contact via adherens junction or gap junction,?®32 or by secreting
pro-tumor inflammatory cytokines.?*° In addition, osteoblasts
educated by tumor cells can engage osteoclasts to facilitate
osteolytic niches.>"? Here we report an immune-suppressive role
of osteoblast niche. SHH-stimulated osteoblasts deposit collagens
in the niches to activate the LAIR1 inhibitory signal of lymphocytes
including NK cells, thus creating a protective milieu and shielding
tumor cells from immune surveillance. This is particularly
important for disseminated tumor cells just arriving at bone.
Concordantly, SCUBE2 plays a role mainly in the early colonization
stage. These findings will promote the comprehension of dynamic
regulation of osteogenic and osteolytic niches in different stages
of bone colonization.

Notably, we found that SCUBE2-induced osteogenic niches only
sustain tumor survival by immune suppression, but cannot directly
promote tumor cell proliferation. This might be in concordance
with the clinical observations that bone recurrence of luminal
tumors usually has a late onset>'?®” Sustained survival of
disseminated luminal tumor cells, which are overall less malignant
than those of other subtypes, would result in persistence of
residual tumors in bone and late recurrence. This could also
reconcile with a previous finding that osteogenic niche con-
tributes to metastatic dormancy of breast cancer in bone* as
tumor dormancy is characterized with sustained survival and
slowed proliferation.

Noteworthily, ectopically expressed SCUBE2 could also promote
bone metastasis in triple-negative cell lines. Therefore, although
SCUBE2 is specifically upregulated by ER in luminal tumors, its
function may not be dependent on the luminal cell context. This is
reasonable, as its downstream signaling components, such as
tumoral SHH expression, are not specific to luminal cancer cells. In
addition, although we found the osteoblast-dependent effect of
SCUBE2 on bone metastasis but not on primary tumor growth,
several previous studies reported the roles of SCUBE2 in tumor cell
proliferation, migration and invasion.28%° Notably, SCUBE2 was
shown to both suppress and enhance epithelial-mesenchymal
transition in different cancer cells2%%° These reports indicated the
complex roles of SCUBE2 in tumor progression, which might be
dependent on the tumor cell context and microenvironment.

SCUBE2 expression in both tumors and blood is significantly
associated with bone metastasis risk, suggesting its prognostic
value in luminal cancer. More importantly, our study provides the
rationale to target SCUBE2 and its downstream Hedgehog
signaling for metastasis treatment. Hedgehog signaling in tumor
cells is known to regulate various processes of cancer progres-
sion.”® Our data showed that Hedgehog signaling in stromal cells
also contribute to cancer immune regulation and metastasis.
Targeting Hedgehog signaling with Sonidegib effectively sup-
presses bone recurrence of breast cancer, which may greatly
broaden the application potential of the candidate drug which is
being tested in clinical trials for advanced solid tumor and basal
cell carcinoma®' In contrast to the ubiquitous expression of
Hedgehog ligands and critical role of Hedgehog signaling in
development, the highly specific expression pattern of SCUBE2 in
luminal cancer cells argues for the therapeutic potential of direct
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SCUBE2 targeting. The monoclonal neutralizing antibody
LTMA16D5 has showed impressive efficacy to inhibit bone
metastasis in multiple metastasis models. Although further studies
are needed to evaluate the therapeutic potential of the antibody,
targeting SCUBE2 might be a promising approach in metastasis
treatment.

MATERIALS AND METHODS

Constructs and reagents

Human SCUBE2 was cloned into pLVX-neo vector (Clontech) and murine
Scube2 and Gli1 were cloned into pLVX-puro vector (Clontech) for
overexpression. The annealed sense and antisense shRNA oligonucleotides
were cloned into pLKO.1-puro vector (Addgene) for knockdown of human
SCUBE2, SHH or murine Smo, respectively. siRNAs were purchased from
GenePharma. For promoter activity analysis, the -2071 to +71 sequence
flanking the transcription start site of SCUBE2 was cloned into pGL3-basic
(Promega). The GLI luciferase reporter contains eight repeats of the GLI-
binding site (CGACAAGCAGGGAACACCCAAGTAGAAG) in the backbone of
pGL3-basic (Promega). Sequences of all shRNAs, siRNAs and primers for
gRT-PCR were listed in Supplementary information, Table S1. The
antibodies used for western blotting, immunohistochemistry, ELISA, IF
and FACS analyses were listed in Supplementary information, Table S2.
Chemicals and recombinant proteins, as well as the corresponding
concentrations used in in vitro and in vivo assays, were listed
in Supplementary information, Table S3.

Cell lines

MDA-MB-231, Py8119 and murine MSCs were grown in DMEM (Gibco,
11965118) with 10% FBIS (Sunrise, SR100180.03) and 100 pg/mL penicillin/
streptomycin/fungizone (Gibco, 15240062). MCF7 and 4T1.2 cells were
grown in DMEM supplemented with 10% FBS, 100 pg/mL penicillin/
streptomycin/fungizone, NEAA (Gibco, 11140050) and Na pyruvate (Gibco,
11360070). T47D cells were grown in PRMI1640 (Gibco, 11875119)
supplemented with 10% FBS, 100 ug/mL penicillin/streptomycin/fungi-
zone, 10 mM HEPES (Gibco, 1894147) and 8 pg/mL insulin (Biogems, 10-
365-1).

Osteoblastogenesis assays

Human or mouse MSCs were incubated in osteogenic media, a-MEM with
10% FBS and antibiotics supplemented with 100 nM Dexamethasone
(Sigma, D4902), 10mM pB-phosphoglycerol (Sigma, G9422), 50 pM
L-ascorbic acid (Sigma, A4544). CM from cancer cells were mixed with
osteogenic media at a ratio of 1:4 for osteoblast differentiation. Various
inhibitors and recombinant proteins were used to treat the cancer cells
prior to CM harvest, or administered directly into the CM-osteogenic
culture mixture, as specified for each experiment. Fresh media were
changed every three days. At day 7, ALP activity was quantified as
described before. Briefly, the culture media were removed and cell cultures
were washed with PBS and lysed in NP40 protein lysis buffer. 20 uL cell
lysate was incubated in 100 uL pNPP substrate solution (0.1 M NaHCOs-
NaCOs (pH 10), 0.1% Triton X-100, 2 mM MgSO,4, 6 mM pNPP) for 15 min at
37°C in dark condition. The enzymatic reaction was stopped by adding
80 pL sodium hydroxide each well and the plate was read at 405 nm in a
microplate reader. ALP content was determined by 405nm absorption
over total protein load. ARS staining was performed at day 13 to visualize
bone module formation. Cells were washed with PBS, fixed with 4% PFA
for 15 min at room temperature, washed twice with excess PBS and stained
with 2% ARS (pH 4.1) solution for 20 min with gentle agitation at room
temperature. Excess dye was aspirated off and cells were washed 4 times
with ddH,0. Bone nodules, appearing to be red, were visualized under
light microscope and photographed. Quantification of ARS area was
performed with Image J.

In vitro immune killing assays

To analyze immune killing in vitro, MCF7 cells pre-labeled with luciferase
were seeded in a 96-well plate overnight. Jurkat cells were activated by
treating with CD3/CD28 (25 pL/mL; Stemcell, 10971) for 24 h prior to killing.
NK92 or Jurkat cells were added at a ratio of 1:1 or 5:1 to tumor cells,
respectively. CM from osteoblasts accounted for 20%-25% in total
medium. For each treatment condition, culture wells with only tumor
cells, but not immune cells, were used as control. After co-culturing for
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24-48 h, supernatant was discarded and the cells were washed by PBS
twice. Cells were lysed by luciferase lysis buffer and luciferase assays were
performed to quantitate the surviving cancer cells. Immune killing
efficiency of tumor cells was expressed as the signal of immune cell-tumor
cell co-cultures divided by the signal of the tumor cell-only cultures.

Organoid killing assays

The PDO sample LTMBC-3 of luminal breast cancer was established as
described previously.”’ Briefly, tumor tissues derived from surgical
resections were cut into small pieces and enzymatically digested using
5 mg/mL collagenase type | (ThermoFisher, 17100017), 1% Dispase (Roche,
4942078001) and DNAase | (NEB, M0303S) in PBS. Cells were further
disassociated with shaking for 30 min at 37 °C, pipette dispelling, 70-um
filtering and 40-um filtering again. The resulting cells were centrifuged and
washed with PBS. Red blood cells were lysed with RBC lysis buffer (Sigma,
R7757) for 10 min and then cell numbers were counted before embedding
in Matrigel (BD bioscience, 354234). After solidification for 30 min at 37 °C,
cells were overlaid with human breast cancer organoid medium,
composed of Advanced DMEM/F12 (Gibco) supplemented with 250 ng/
mL R-Spondin 3 (R&D, 3500-RS/CF), 5 nM Neuregulin 1 (Peprotech, 100-03),
5ng/mL FGF 7 (Peprotech, 100-19), 20 ng/mL FGF 10 (Peprotech, 100-26),
5ng/mL EGF (Peprotech, AF-100-15), 100 ng/mL Noggin (Peprotech, 120-
10C), 500 nM A83-01 (Tocris, 2939), 5mM Y-27632 (Abmole, Y-27632),
500 nM SB202190 (Sigma, S7067), B27 supplement (Gibco, 17504-44),
1.25 mM N-Acetylcysteine (Sigma, A9165-5g), 5 mM Nicotinamide (Sigma,
NO0636), GlutaMax (Gibco), 10 mM HEPES (Gibco), 100 mg/mL Penicillin/
Streptomycin (Hyclone) and 50 mg/mL Primocin (Invivogen, Ant-pm-1). In
vitro organoid killing assay was performed as described.’* Briefly,
organoids were isolated from culture dishes and washed with PBS twice
to remove Matrigel. Part of the organoids were dissociated to single cells
by TrypLE Express (ThermoFisher, 12604021) and cell numbers were
counted using a hemocytometer, to infer the number of tumor cells per
tumor organoid to allow co-culture of organoids and NK cells at a 1:1 ratio.
To facilitate visualization, organoids were stained with CFSE (MCE, HY-
D0938) for 5 min and washed with PBS for three times, resuspended in T
cell medium and seeded with indicated cells. After 3 days of co-culture,
fluorescence images were taken and analyzed with Image J.

Isolation of bone cells

To obtain bone niche cells for scRNA-seq or FACS analysis, mice were
sacrificed and bone digestion was performed as previously described.”***
Briefly, bones (femur and tibia) were harvested and placed in Media 199
(BasalMedia, L640KJ) supplemented with 2% FBS. After removal of muscle
and tendon tissues, bones were cut and gently crushed into small
fragments and digested with 2.2 mg/mL collagenase Il (Sigma, C6885) in
M199 media for 50 min, at 37 °C with agitation. After digestion, fractions
were filtered through a 70-um filter followed by a 40-um filter. Cells were
centrifuged (200x g, 10 min) and washed with PBS twice. Erythrocytes
were lysed in RBC lysis buffer (BD, 555899) for 5 min on ice.

FACS analyses

Intracellular cytokine staining was performed as previously described.®®
After isolation of bone cells, cells were counted and treated with cell
stimulation cocktail plus protein transport inhibitors (eBioscience, 00-4975-
93) in M199 media supplemented with 10% FBS for 5 h. FcR was blocked
by the CD16/CD32 antibody (BD Life Sciences, 2.4G2) at the concentration
of 0.5 mg per million cells before antibody staining. After surface staining
for 1h at room temperature in the dark, cells were washed with FACS
buffer (PBS with 10% FBS) three times and fixed with IC fixation buffer
(Invitrogen, 00-8222) for 30min at 4°C. Cells were washed and
permeabilized with permeabilization buffer (Invitrogen, 00-8333). Next,
cells were stained with intracellular staining cocktail for 30 min at room
temperature. Cells were washed and resuspended in FACS buffer. FACS
was performed with a CytoFLEX LX (Beckman) FACS system and quantified
by the CytExpert software. The gating strategies for various cell types were
shown in Supplementary information, Fig. S11.

RNA-seq and scRNA-seq analyses

RNA sequencing of MSCs was performed as previously described.’ Briefly,
total RNAs of MSCs and MSC-derived osteoblasts were extracted by TRIizol
reagent (Invitrogen, 15596018). Library construction and sequencing were
performed at WuXi NextCODE, Shanghai with an Illumina’s standard
protocol. Raw reads were filtered and aligned to the reference sequences
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using STAR (v2.4.2a). Genes with fold changes > 2 and P value < 0.05 were
selected as significantly differentially expressed genes.

For scRNA-seq analysis, cells were isolated from bone marrow of long
bones of the mice and sorted with CD45 mouse microbeads (Miltenyi
Biotec, 5211005943) to enrich CD45~ stromal cells or to isolate CD45"
immune cells. Effluents were collected and centrifuged at 200x g for
10 min. Library construction and sequencing were performed at Shanghai
Biotechnology Corporation. Single-cell libraries were generated using the
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (10x Genomics)
according to the manufacturer’s instructions. After sequencing, FASTQ files
were converted to cell expression matrices by aligning to the mouse
genome (version mm10) with Cell Ranger count (version 2.0.1, 10x
Genomics). For CD45™ cell analysis, we captured 9359 cells with a mean of
72,767 read counts and a median of 2201 genes per cell in control group,
and 8871 cells with a mean of 73,544 read counts and a median of 2595
genes per cell in SCUBE2-knockdown group. For CD45" cell analysis, we
captured 5008 cells with a mean of 11,5361 read counts and a median of
1268 genes per cell in control group, and 8560 cells with a mean of 58,506
read counts and a median of 1537 genes per cell in SCUBE2-
knockdown group.

Quantification of osteoblasts in the microenvironment niche

Quantification of osteoblasts was performed as previously described.?
Briefly, microenvironment niche cells were defined as cells immediately
adjacent to micrometastases and in direct contact with tumor cells. ALP™
osteoblasts and all non-tumor in the niches were counted. Percentages of
ALP™ osteoblasts of all niche cells were calculated.

Luciferase assay

T47D or MC3T3 cells were transfected with the denoted constructs and
starved overnight in serum-free DMEM. Cells were then treated in
triplicates with the indicated factors in serum-free DMEM for 36 h.
Afterwards, cells were rinsed with PBS and lysed by luciferase lysis buffer
(2 mM EDTA, 20 mM DTT, 10% glycerol, 1% Triton X-100 and 25 mM Tris-
base, pH 7.8) at room temperature for 1 h with shaking. The resultant lysate
was added with firefly (25 mM glycyglycine, 15 mM potassium phosphate,
15 mM MgSO,4 2mM ATP, 10 mM DTT and 1 mM D-luciferin, pH 7.8) and
Renilla (0.5 M NaCl, 1 mM EDTA, 0.1 M potassium phosphate, 0.04% BSA
and 2 uM coelenterazine, pH 7.4) luciferase assay buffer, respectively.
Renilla activity reads were used for normalization.

Neutralizing antibody production and purification

SCUBE2 neutralizing mono-antibody was developed by Abclonal
Technology. Briefly, mice were immunized with the CUB domain peptide
of SCUBE2. Splenocytes of immunized mice were separated and fused
with SP20 tumor cells. Hybridoma were cultured with HybGro media
(BasalMedia, H630KJ) supplemented with CellTurbo (BasalMedia,
H460JV). Neutralizing analysis of hybridoma supernatants was per-
formed by competitive ELISA with SHH. For neutralizing antibody
production, female BALB/c mice were injected with 300 uL pristane
(Sigma, P9622). 2 x 10° hybridoma cells were injected intraperitoneally
7 days after pristane injection. After 7-14 days, mice were sacrificed and
ascites were collected. Antibody purification was performed with Protein
G resin (Sangon Biotech, C600991). Purified antibodies were dialyzed
into PBS and concentrated to 1 mg/mL for in vitro and in vivo use.
Antibody isotyping was performed with mouse mono-antibody isotyp-
ing ELISA kit (Proteintech, PK20003) according to the manufacturer’s
instruction. Briefly, purified antibody was diluted to 200 ng/mL and 50 pL
diluted antibody was incubated with 50 yL goat anti-mouse IgA/IgM/
IgG-HRP in each well for 1 h at room temperature. After three washes
with washing buffer, signals were detected using TMB solution and read
at 450 nm.

Mouse experiments

Female BALB/c, C57 and athymic mice (6-8-week-old) were used in all
animal experiments. Orthotopic, intracardiac and intra-iliac artery injection
were performed as previously described.?>*° Briefly, 1x 10°, 1x10° and
4x10° luciferase-labeled tumor cells were injected into the fat pad, left
ventricle and iliac artery for primary tumor and bone metastasis analyses,
respectively. For experiments involving human luminal breast cancer cells,
mice were subcutaneously injected with 3.75mg/kg estradiol valerate
every other day (Selleck, $3149) as described previously.”” 50 mg/kg
Sonidegib (Abmole, LED225) and dimethylsulfoxide control were orally
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administered daily until the mice were sacrificed. For LTMA16D5
hybridoma CM treatment, HybGro medium (BasalMedia, H630KJ) control
or hybridoma CM were injected intravenously every day until the mice
were sacrificed. For LTMA16D5 antibody treatment, IgG (100 pug per mouse;
YEASEN, 36111ES60) or purified LTMA16D5 antibody (100 ug per mouse)
was intraperitoneally injected daily until the mice were sacrificed. BLI was
acquired with a NightOWL Il LB983 Imaging System (Berthold). Day 0 signal
was collected immediately after tumor cell inoculation and applied for BLI
signal normalization. All animal studies were conducted according to the
guidelines for the care and use of laboratory animals and were approved
by the Institutional Animal Care and Use Committee of Shanghai Institute
of Nutrition and Health.

Clinical analysis

Frozen primary tumor specimens, serum samples and paraffin-embedded
bone metastasis specimens of breast cancer, as well as the PDO breast
cancer samples, were obtained from Qilu Hospital of Shandong University,
with informed consent from all subjects and approval from the Institutional
Research Ethics Committee of Qilu Hospital (reference no. KYLL-2016-255).
The clinical information of the samples was provided in Supplementary
information, Table S4. For each sample, SCUBE2, ALP and COL1 were
scored as low expression (negative/low) or high expression (medium/high)
according to the staining intensities. Serum samples were pre-treated
according to the manufacturer’s instructions and analyzed with ELISA kits
for SCUBE2.

The reported breast cancer clinical datasets (GSE2034, GSE5327,
GSE12276 and GSE2603) were combined into a merged Erasmus/MSK
cohort, as done in a previous study,*® to increase the sample sizes for
analysis of organotropism-associated genes. Differentially expressed genes
encoding secretory proteins were analyzed between luminal vs TN subtype
or bone-metastatic and lung-metastatic patients by student’s t-test
analysis, with cutoffs of P values < 0.01 and fold changes > 2. These genes
were further ranked by the relative fold changes.

Statistical analyses
Data analyses were performed using GraphPad Prism 7.0 (GraphPad
Software, La Jolla, CA, USA). The data presentation and statistical analyses
are described in the figure legends. P values < 0.05 were considered as
statistically significant.

DATA AVAILABILITY

The sequence data of osteoblasts were deposited in the National Omics Data
Encyclopedia (NODE) with the primary accession number OEP002689. Original data
of all figures were deposited in Mendeley Data (https://data.mendeley.com/v1/
datasets/jkpn67jwsd/draft?preview=1). Other data of this study are available from
the corresponding author upon reasonable request.
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