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SUMMARY
Osteoclasts play a central role in cancer-cell-induced osteolysis, but the molecular mechanisms of osteo-
clast activation during bone metastasis formation are incompletely understood. By performing RNA
sequencing on a mouse breast carcinoma cell line with higher bone-metastatic potential, here we identify
the enzyme CYP11A1 strongly upregulated in osteotropic tumor cells. Genetic deletion of Cyp11a1 in tumor
cells leads to a decreased number of bone metastases but does not alter primary tumor growth and
lung metastasis formation in mice. The product of CYP11A1 activity, pregnenolone, increases the number
and function ofmouse and human osteoclasts in vitro but does not alter osteoclast-specific gene expression.
Instead, tumor-derived pregnenolone strongly enhances the fusion of pre-osteoclasts via prolyl
4-hydroxylase subunit beta (P4HB), identified as a potential interaction partner of pregnenolone. Taken
together, our results demonstrate that Cyp11a1-expressing tumor cells produce pregnenolone, which is
capable of promoting bone metastasis formation and osteoclast development via P4HB.
INTRODUCTION

Osteolytic bone metastases, where bone tissue is destroyed,

lead to pathological fractures and increased patient mortality.1–3

Although osteoclasts, the unique bone-resorbing cells of he-

matopoietic origin, are essential for pathological bone loss, the

molecular mechanisms directing osteoclast differentiation dur-

ing skeletal lesion formation are largely unknown. The aim of

our experiments was to identify tumor-cell-derived factors,

which are capable of promoting the development and function

of osteoclasts during bone metastasis.

Although cancer cells forming skeletal lesions are able to exert

proteolytic activity to some level, they cannot break down the

bone matrix.4 The digestion of both the organic and inorganic

components of the bone is then carried out by osteoclasts, the

sole bone-resorbing cells of the human body, accumulating in

close proximity to the osteotropic tumor cells.5 Osteoclast devel-

opment is directed by two main growth factors, namely receptor

activator of nuclear factor kB ligand (RANKL) and macrophage

colony-stimulating factor (M-CSF), which are provided by stro-

mal cells, such as osteoblasts and osteocytes under non-patho-

logical conditions.6 The first phase of osteoclast development is
This is an open access article under the C
then determined by the expression of various osteoclast-specific

genes, such as tartrate-resistant acidic phosphatase (TRAP), in

pre-osteoclasts.7 During the second phase of osteoclast differ-

entiation, fusion of these pre-osteoclasts occurs and leads to

the development of large, multinucleated, mature osteoclasts.8

Finally, those mature polykarions spread over the bone surface

by forming actin rings and sealing zones in order to degrade

the bone matrix via the parallel release of digestive enzymes

and hydrochloric acid.9

Solid tumors capable of forming osteolytic bone metastases

were previously considered to induce osteoclast differentia-

tion indirectly via the activation of osteoblasts.10 During this

process, cancer-cell-derived parathyroid hormone-related pep-

tide (PTHrP) induces the expression of RANKL on osteoblasts,

which in turn drives the differentiation of multinucleated osteo-

clast frommyeloid precursors.11 Mature osteoclasts then resorb

the bone matrix and allow tumor cells to grow and spread within

the tissue. In this study, our results suggest that osteoclast differ-

entiation can also be directly initiated by the cancer cells them-

selves. Here, we demonstrate that steroids de novo produced

by Cyp11a1-expressing tumor cells are able to support bone

metastasis formation and the development and resorptive
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function of osteoclasts in both humans and mice. We identify

pregnenolone, a potential tumor-cell-derived regulator of osteo-

clastogenesis, which is capable of promoting the fusion of oste-

oclasts via the prolyl 4-hydroxylase subunit beta (P4HB)

molecule.

RESULTS

Tumor-cell-derived soluble factors are capable
of promoting osteoclast development in vitro

The E0771/bone breast carcinoma cell line with higher bone-

metastatic potential compared to the parental cell line

(E0771/Pa) was established by sequential in vivo selection in

mice.12 After culturing the cells in the presence of serum-free

medium for 24 h, supernatants of E0771/bone and E0771/Pa

cells were centrifuged, filtered, and incubated with mouse

bone-marrow-derived osteoclast precursors. To our surprise,

supernatants from E0771/bone cells were able to strongly pro-

mote the development of multinucleated, TRAP-positive giant

cells (Figures 1A and 1B) comparable to those from recombi-

nant M-CSF- and soluble RANKL-treated cultures. Those oste-

oclast-like cells induced by E0771/bone (but not by E0771/Pa)

supernatants were able to resorb hydroxyapatite surfaces

(Figures 1A and 1B). Further, the effect of tumor cell superna-

tants on osteoclasts was likely independent of soluble RANKL,

as we could not detect any RANKL secreted by the E0771/

bone cancer cells in vitro by ELISA (Figure S1A). Taken

together, by using a bone-metastatic clone of E0771 breast

carcinoma cells (E0771/bone), we were able to demonstrate

the presence of tumor-cell-derived soluble factors capable of

inducing in vitro development and function of bone-marrow-

derived osteoclasts.

The steroidogenic enzyme CYP11A1 is strongly
upregulated in the osteotropic tumor cells
Next, we compared the global gene expression profiles of

E0771/bone and E0771/Pa cells by RNA sequencing. Using

next-generation sequencing performed on an Illumina platform,

we were able to identify approximately 200 differently regulated

genes, about 150 of which were upregulated and almost 50 of

which were downregulated in the E0771/bone cells compared

to E0771/Pa cells (Figure 1C). Gene Ontology and pathway

enrichment analysis showed that genes involved in the regula-

tion of bone homeostasis (e.g., bone morphogenetic proteins,

Wnt and Notch signaling pathways) were upregulated in

E0771/bone cells (Figure 1D). However, one of the genes

strongly upregulated in the E0771/bone cells was Cyp11a1, en-

coding the steroidogenic enzyme CYP11A1 (Figures 1E and

S1B). This enzyme, a member of the cytochrome P450 family,

is situated in the mitochondrial inner membrane and catalyzes

the first and enzymatically rate-limiting step in the synthesis of

steroid hormones by converting cholesterol to pregnenolone

(Figure 1F). This so-called de novo steroidogenesis classically

takes places in the adrenal gland, gonads, and placenta; howev-

er, more recent data suggest that extraglandular steroidogene-

sis can also occur in several other tissues under physiological

and pathological conditions.13–21 We were therefore interested

to see whether this enzyme is functional in the osteotropic tumor
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cells and whether its presence could lead to the generation of its

product pregnenolone. To this end, wemeasured the concentra-

tion of pregnenolone in the supernatants of different mouse can-

cer cell lines capable of forming osteolytic bone metastases by

two techniques, ELISA and liquid chromatography-tandem

mass spectrometry (LC-MS/MS). We also profiled steroids using

LC-MS/MS. As shown in Figure 1G, E0771/bone breast carci-

noma cells secreted more pregnenolone than E0771/Pa cells,

and B16F10 malignant melanoma cells secreted the highest

levels of pregnenolone into their supernatants. However, tumor

cell lines, which form very few or no bone metastases, such as

MC38 colorectal carcinoma and LLC (Lewis lung carcinoma)

cells, secreted low levels or no pregnenolone into their superna-

tants. Further, we could not detect the expression of the en-

zymes Cyp17a1 (encoding 17-hydroxylase) and Hsd3b (encod-

ing 3b-hydroxysteroid dehydrogenase) (Figure S1C) or the

presence of any other steroids, including aldosterone, cortico-

sterone, 17b-estradiol, progesterone, 17-OH pregnenolone,

DHEA, androstenedione, 5a-dihydrotestosterone, and testos-

terone, secreted by the osteotropic tumor cells measured by

ELISA or targeted steroid profiling LC-MS/MS method

(Figures S1D–S1F). Finally, we also detected high levels of preg-

nenolone (but not androstenedione, cortisol, DHEA, 17b-estra-

diol, estrone, estriol, progesterone, 5a-dihydrotestosterone, or

testosterone) in the extracellular fluid (ECF) of E0771/bone and

B16F10 (but not E0771/Pa) primary tumors by ELISA and tar-

geted LC-MS/MS (Figures S1G–S1I). Taken together, our results

indicate that different osteotropic tumor cells express the ste-

roidogenic enzyme CYP11A1 and that its product, pregneno-

lone, is present in high concentrations in their environment.

Genetic deficiency of CYP11A1 in tumor cells leads to
decreased bone metastasis formation
Having found that high levels of pregnenolone are secreted into

the culture supernatant and ECF by different mouse solid tumor

cell lines, we next asked whether Cyp11a1-expressing cancer-

cell-derived pregnenolone can support bone metastasis forma-

tion in vivo. To this end, we disrupted the gene encoding

CYP11A1 using CRISPR-Cas9 mutagenesis in B16F10 cells.

We confirmed that Cyp11a1�/� B16F10 cells are not expressing

CYP11A1 at the protein level (Figure S2A) and are not able to

secrete pregnenolone into the culture supernatant (Figure S2B).

However, we detected no significant difference between the

growth rates of parental (wild-type [WT]) and Cyp11a1�/�

B16F10 cells in vitro (Figure S2C).

Further, when implanting WT and Cyp11a1�/� B16F10 cells

intradermally into C57BL/6 mice, we could not detect any signif-

icant difference between the in vivo growth rates of the two ge-

notypes (Figures 2A and 2B). Moreover, intravenous injection

of WT and Cyp11a1�/� B16F10 cells resulted in no difference

in the level of lung metastasis formation as well (Figures 2C

and 2D). However, to our surprise, when injecting WT and

Cyp11a1�/� tumor cells into the caudal artery of C57BL/6 mice

to induce bone metastasis formation in the long bones (femurs

and tibias) of the hind limbs, almost no tumor deposits were

macroscopically visible in mice injected with Cyp11a1�/�

B16F10 cells, while melanin-rich tumor deposits were clearly

seen in mouse long bones injected with Cyp11a1+/+ B16F10



A B

C D

FE G

Figure 1. CYP11A1 catalyzes de novo steroidogenesis in osteotropic tumor cells

(A and B) Representative images (A) and quantification (B) of TRAP-stained cell cultures (top) and resorption on artificial hydroxyapatite surface (bottom) by wild-

type (WT) mouse bone-marrow-derived macrophages cultured for 3 days in the presence of 20 ng/mL M-CSF with or without 20 ng/mL RANKL or in the

supernatants of E0771/Pa or E0771/bone cells. Scale bars represent 100 mm.

(C) Heatmaps of significantly up- (red) and downregulated (blue) genes in E0771/bone cells compared to E0771/Pa cells identified by RNA sequencing, followed

by moderated t test and Benjamini-Hochberg false discovery rate.

(D) List of group of genes upregulated in E0771/bone cells compared to E0771/Pa cells identified by Gene Ontology and pathway enrichment analysis.

(E) Analysis of gene expression of Cyp11a1 in E0771/Pa vs. E0771/bone cells.

(F) Schematic representation of the role of CYP11A1 within the mitochondria of the cells. Image was created in BioRender (www.biorender.com).

(G) Levels of pregnenolone in the supernatants of E0771/Pa, E0771/bone, and B16F10 cells measured by liquid chromatography-tandem mass spectrometry

(LC-MS/MS).

Bar graphs show mean and SD of data from 3 independent experiments.
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cancer cells (Figures 2E and 2F). Importantly, administration of

exogenous pregnenolone restored bone tumor growth of

Cyp11a1�/� B16F10 cells (Figure S2D). Further, aminoglutheti-

mide, a pharmacological inhibitor of CYP11A1, significantly

decreased bone metastasis formation in mice injected with

E0771/bone tumor cells (Figures S2E and S2F). Moreover,

when E0771/Pa cells—which spontaneously develop very few

or no bone metastasis—were injected into the caudal artery of

the mice, pregnenolone treatment alone could lead to the forma-

tion of osteolytic skeletal lesions (Figures S2G and S2H). Simi-

larly, when injecting Cyp11a1-overexpressing TRAMP-C1 pros-

tate cancer cells into the experimental animals, significantly
more bone metastases were detected (Figures S2I–S2K). These

results indicate that Cyp11a1 expressed in the solid tumor cells

plays an important role in promoting bone metastasis in vivo.

Genetic deficiency of CYP11A1 in tumors protects mice
from osteoclast-mediated osteolysis
To test the role of CYP11A1 in the process of bone metastasis

formation, we analyzed trabecular bone structure of the distal

metaphysis of the femurs of mice injected with WT and

Cyp11a1�/� B16F10 cells using micro-computed tomography

(micro-CT) and histomorphometric analyses. As shown in Fig-

ure 3A, more trabeculae were seen in a three-dimensional
Cell Reports 43, 113936, March 26, 2024 3
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Figure 2. CYP11A1 in osteotropic tumor cells

drives bone metastasis formation

Representative images (A, C, and E) and quantifi-

cation (B, D, and F) of primary tumor growth and lung

metastasis and bone metastasis formation by WT

and CRISPR-Cas9-engineered Cyp11a1�/� B16F10

cells injected intradermally (A and B), into the tail vein

(C and D), or into the caudal artery (E and F) of

C57BL/6 mice.

Data were obtained from 6 mice per group. Error

bars represent SEM. *p < 0.05; n.s., not significant.
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reconstitution of an axial cylinder of the femurs of Cyp11a1�/�-
tumor-injected animals compared to the ones injected with

Cyp11a1+/+ B16F10 cells. Quantification of the entire trabecular

area (Figure 3B) revealed a significantly increased bone volume/

total volume (BV/TV) in the femurs of animals injected with Cy-

p11a1�/� B16F10 cells compared to the WT-tumor-injected

ones, which was primarily due to increased trabecular number

rather than increased thickness of the individual trabeculae

(Figure 3B).

We also performed histological and histomorphometric ana-

lyses on the trabecular bone of the distal femurs of mice in-

jected with WT and Cyp11a1�/� B16F10 cells. As shown in Fig-

ure 3C, less tumor mass and more trabeculae were seen in the

histological sections of the femurs of animals injected with

Cyp11a1�/� cancer cells compared to the ones injected with

Cyp11a1+/+ B16F10 cells. We next analyzed osteoclasts visible

in the TRAP-stained sections (Figure 3D). There was a statisti-

cally significant reduction in the average number of osteoclasts

per bone perimeter in mice injected with Cyp11a1�/� B16F10

cells (Figure 3E). In addition, we could detect a significant

decrease in the level of C-terminal telopeptide, a marker of

bone resorption in mice injected with Cyp11a1�/� B16F10

cell compared to the WT-tumor-injected ones (Figure 3F), but

there was no difference in the level of bone formation marker

osteocalcin (Figure 3G). Taken together, our data indicate

that genetic deficiency of CYP11A1 in the osteotropic tumor
4 Cell Reports 43, 113936, March 26, 2024
cells protects mice from cancer-cell-

induced, osteoclast-mediated osteolysis

in vivo.

Pregnenolone promotes osteoclast
development and function in vitro

As shown in Figures 4A and 4B, similar to

E0771/bone, B16F10 WT tumor cell su-

pernatants (but not B16F10 Cyp11a1�/�

tumor cell supernatants) were also able

to promote in vitro osteoclastogenesis to

a level comparable with the effect of

20 ng/mL recombinant M-CSF and

20 ng/mL soluble RANKL. This effect of

WT tumor cell supernatants was dose

dependent (Figures S3A and S3B). More-

over, when co-culturing B16F10 cells

with bone-marrow-derived macrophages,

the osteotropic cancer cells were capable
of inducing the development of large, multinucleated, TRAP-

positive giant cells, which could also resorb the bone

(Figures S3C–S3F). We were next interested in whether preg-

nenolone could be the soluble factor produced by the tumor

cells responsible for this effect. Accordingly, bone-marrow-

derived osteoclast precursor cultures were treated with

different concentrations of pregnenolone following the induc-

tion of an osteoclast-specific gene expression program in the

bone marrow cells by pre-treatment with 20 ng/mL M-CSF

and RANKL. As shown in Figures 4C and 4D, pregnenolone

in the nanomolar concentration range dose-dependently

increased the number and size of TRAP-positive, multinucle-

ated osteoclasts compared to the control cultures treated

with 20 ng/mL recombinant M-CSF and RANKL. Interestingly,

corticosterone (but not 17-OH pregnenolone, progesterone,

DHEA, or androstenedione) had a similar effect on in vitro os-

teoclastogenesis (Figures S3G and S3H), but we could not

detect it in the tumor cell supernatants (Figure S1D). On the

other hand, higher pregnenolone concentrations within

the micromolar range had an opposite effect and rather

decreased the number of osteoclasts in the cultures

(Figures 4C and 4D). Similar results were obtained when we

tested the resorptive capacity of in vitro osteoclast cultures in

the presence of pregnenolone on bovine bone slices. As shown

in Figures 4C and 4E, pregnenolone dose-dependently

increased the function of osteoclast in the nanomolar
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Figure 3. Genetic deficiency of CYP11A1 in tumors protects mice from osteoclast (OC)-mediated osteolysis

(A) Representative three-dimensional (3D) reconstitution of an axial cylinder of the trabecular area of the distal femoral metaphysis of 8- to 10-week-old C57BL/6

mice injected into the caudal artery with WT and Cyp11a1�/� B16F10 cells.

(B) Quantitative micro-CT analysis of the trabecular bone architecture of mice injected withWT andCyp11a1�/�B16F10 cells. BV/TV, percentage of bone volume

(bone volume/total volume).

(C andD) Representative images (C) of the trabecular area ofmice injectedwithWT andCyp11a1�/�B16F10 tumor cells. Insets (D) show enlarged views of TRAP-

stained sections with OCs (arrows) and resorption pits (arrowheads). Scale bars represent 100 (C) and 20 mm (D).

(E) Histomorphometric analysis of the trabecular bone architecture and the number of OCs per bone perimeter.

(F and G) Levels of C-terminal telopeptide (CTx) (F) and osteocalcin (G) in the sera of mice injected with WT and Cyp11a1�/� B16F10 tumor cells.

Data were obtained from 6 mice per group. Error bars represent SEM. *p < 0.05, **p < 0.01, and ****p < 0.0004; n.s., not significant.
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concentration range. To ensure their function, mature osteo-

clasts form actin rings to seal the resorption pits. In line with

this important function, significantly more continuous F-actin

rings were observed in osteoclast cultures treated with 50–

500 nM pregnenolone compared to the control-treated cultures

(Figures 4C and 4F). In contrast, significantly less resorption

pits and slightly lower numbers of actin rings were seen in

the osteoclast cultures treated with R1 mM pregnenolone

(Figures 4C, 4E, and 4F). The most likely explanation for this

is that higher concentrations of pregnenolone decrease the sur-

vival of osteoclast-lineage cells. As shown in Figure 4G,

approximately 90% of pre-osteoclasts were negative for the

apoptosis marker Annexin V and the necrosis marker 7-AAD

under lower pregnenolone concentrations within the nanomolar

range, whereas 1 mM pregnenolone triggered apoptosis and

necrosis of the cells.

In summary, pregnenolone in the concentration range

secreted by osteotropic tumor cells strongly promotes the
in vitro development, resorptive function, and actin ring forma-

tion of osteoclasts but does not affect the survival, apoptosis,

or necrosis of osteoclast-lineage cells.

Pregnenolone is not sufficient for osteoclast-specific
gene expression
To understand the mechanism of how tumor-cell-derived preg-

nenolone drives the development of osteoclasts, we next tested

the expression of osteoclast-specific genes. This process takes

place during the biochemical maturation of osteoclast precur-

sors, which is the early phase of osteoclastogenesis. To induce

an osteoclast-specific gene expression program, mouse bone

marrow progenitors were cultured in the presence of 20-20 ng/

mL recombinant M-CSF and RANKL for 2 days and then in the

presence of the indicated concentration of pregnenolone or

vehicle for 3 more days. We used bone-marrow-derived macro-

phages cultured in the presence of M-CSF or pregnenolone

alone as negative controls. As shown in Figure 5A, the
Cell Reports 43, 113936, March 26, 2024 5
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Figure 4. Pregnenolone promotes OC development and function in vitro

(A and B) Representative images (A) and quantification (B) of TRAP-stained cell cultures of WT mouse bone-marrow-derived macrophages cultured in the

presence of 20 ng/mL M-CSF and 20 ng/mL RANKL or in the supernatants of E0771/bone, B16F10 WT, or Cyp11a1�/� cells. Scale bars represent 100 mm.

(C–F) Representative images (C) and quantification (D–F) of TRAP-stained cell cultures (C and D), in vitro resorption on bovine bone slices (C and E), and actin ring

formation (C and F) byWTmouse bone-marrow-derived macrophages cultured for 2 days in the presence of 20 ng/mLM-CSF and 20 ng/mL RANKL and then for

3 (C, D, and F) or 11 (C and E) days in the presence of vehicle or the indicated concentration of pregnenolone. OCs are defined as TRAP-positive cells with 3 or

more nuclei. Scale bars represent 100 (TRAP staining and actin ring formation) and 50 mm (bone resorption).

(G) Quantification of the percentage of surviving cells detected after the binding of Annexin-V-PE (apoptosis) and 7-AAD (necrosis) markers to WT bone-marrow-

derived macrophages cultured for 2 days in the presence of 20 ng/mL M-CSF and 20 ng/mL RANKL and then for another 3 days with vehicle or the indicated

concentration of pregnenolone. Surviving cells are defined as negative for both Annexin-V-PE and 7-AAD staining.

Bar graphs represent mean and SD of data from 3–6 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.002, and ****p < 0.0004; n.s., not significant.
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Figure 5. Pregnenolone drives the fusion of OCs, but it is dispensable for OC-specific gene expression

(A) Gene expression in WTmouse bone-marrow-derived progenitors cultured for 2 days in the presence of 20 and 20 ng/mLM-CSF and RANKL (OCs) or M-CSF

(macrophages) or pregnenolone alone and then in the indicated concentrations of pregnenolone or vehicle for 3 days. The expressions of theNfatc1,Acp5,Calcr,

Itgb3, Tm7sf4, and Ctsk genes (encoding for NFATc1, TRAP, calcitonin receptor, integrin b3, DC-STAMP, and cathepsin K, respectively) were determined by RT-

qPCR.

(B and C) Representative images (B) and quantification of the number of GFP+ cells (C) generated by co-culturing bone marrow cells from Ctsk-Cre and mTmG

transgenic mice in the presence of 20 or 50 ng/mL M-CSF and 20 or 50 ng/mL RANKL for 2 days and then in the presence of vehicle or 200 nM pregnenolone for

another 3 days. Scale bars represent 100 mm.

(D) Analysis of the number of nuclei in vehicle- or 200 nM pregnenolone-treated mouse bone-marrow-derived OC cultures.

(E) Representative real-time images of Ctsk-Cre and mTmG bone marrow cells co-cultured in the presence of 20 ng/mL M-CSF and 20 ng/mL RANKL for 2 days

and then in the presence of vehicle or 200 nM pregnenolone for the indicated time. Red color represents mononuclear cells; green fluorescence indicates fused

OCs. Scale bars represent 20 mm.

Data are from 3–6 independent experiments, with error bars representing SD. *p < 0.05 and **p < 0.01; n.s., not significant.
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Figure 6. Pregnenolone promotes the migration and fusion of OC precursors via P4HB

(A and B) Representative images (A) and quantification (B) of wound closure byWTmouse bone-marrow-derived progenitors cultured in the presence of 20 ng/mL

M-CSF and 20 ng/mL RANKL with or without 200 nM pregnenolone and with or without 3 mM quercetin-3-rutinoside for 24 h. Scale bars represent 75 mm.

(C) Quantification of Transwell migration by pre-OCs cultured in the presence of 20 ng/mLM-CSF and 20 ng/mL RANKLwith or without 200 nMpregnenolone and

with or without 3 mM quercetin-3-rutinoside.

(D) Representative images and quantification of TRAP-stained cell cultures of WTmouse bone-marrow-derivedmacrophages cultured in the presence of 200 nM

pregnenolone with control (mock, left) or P4HB short hairpin RNA (shRNA) lentiviral particles (right). Scale bars represent 100 mm.

(E) Gene expression of Tm7sf4 and Ocstamp genes (encoding for DC-STAMP and OC-STAMP, respectively) in WT mouse bone-marrow-derived progenitors

cultured for 2 days in the presence of 20 and 20 ng/mL M-CSF and RANKL with or without the indicated concentration of pregnenolone for 3 days.

(F) Representative histograms of the binding of a-OC-STAMP antibody to WT bone marrow cells cultured for 2 days in the presence of 20 ng/mL M-CSF and

RANKL with or without 200 nM pregnenolone and/or 3 mM quercetin-3-rutinoside.

Bar graphs show mean and SD of data from 3 experiments. *p < 0.05; n.s., not significant.
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expressions of Nfatc1 (encoding for NFATc1), Acp5 (TRAP),

Calcr (calcitonin receptor), Itgb3 (integrin b3-chain), Tm7sf4

(DC-STAMP), and Ctsk (cathepsin K) were all strongly increased

during osteoclast development (M-CSF andRANKL) but not dur-

ing macrophage differentiation (M-CSF alone). On the other

hand, administration of pregnenolone alone or after M-CSF

andRANKL treatment did not alter the expression of those genes

compared to the effects of M-CSF or M-CSF and RANKL,

respectively (Figure 5A), indicating that solid-tumor-cell-derived

pregnenolone is likely not sufficient alone for osteoclast-specific

gene expression.
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Pregnenolone promotes the fusion of osteoclast
precursors
During the second phase of osteoclastogenesis, mononuclear

osteoclast precursors fuse together to form the multinuclear

polykarions. This intercellular fusion of pre-osteoclasts could

be monitored in real time by a recently developed fluores-

cence-based osteoclast fusion assay.22 This assay relies on

red-to-green fluorescence conversion of the membrane-tar-

geted tdTomato/EGFP (mTmG) transgene by Cre bacterial re-

combinase expressed under the control of osteoclast-specific

cathepsin K promoter (Ctsk-Cre). Bone marrow precursors
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Figure 7. Pregnenolone promotes human osteoclastogenesis and is secreted by human tumor cells

(A–C) Representative images (A) and quantification (B and C) of TRAP-stained cell cultures of human blood mononuclear cell-derived OCs cultured for 2 days in

the presence of 20 ng/mL recombinant human M-CSF and 20 ng/mL soluble human RANKL and then in the presence of the indicated concentration of preg-

nenolone or vehicle for 12 days. Scale bars represent 100 mm.

(D) Levels of pregnenolone in the supernatants of A375, MDA-MB-435S, A549, NCI-H1299, NCI-H460, MCF-7, MDA-MB-231, DU145, LNCaP, PC-3, Hs895.T,

SK-MEL-28, BEAS-2B, NCI-H128, NCI-H2126, HCC70, MCF-10A, MDA-PCa-2b, RWPE-1, and LASCPC-01 cells measured by ELISA.

(E) Kaplan-Meier curve of breast-cancer-specific survival for 2,976 patients with high or low expression of Cyp11a1 in the primary tumor.

Bar graphs show mean and SD of data from 3 independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.002; n.s., not significant.

Article
ll

OPEN ACCESS
carrying the mTmG or the Ctsk-Cre transgene alone exhibit only

red or no fluorescence, respectively. However, when mTmG and

Ctsk-Cre progenitors are co-cultured under osteoclastogenic

conditions, osteoclast-specific expression of Cre triggers

removal of tdTomato and allows expression of EGFP within the

fused osteoclast-like multinuclear cells. This red-to-green

fluorescence conversion could be easily visualized and

quantified.22

To test the effect of pregnenolone on osteoclast fusion, bone-

marrow-derived progenitors were isolated from mTmG and

Ctsk-Cre mice and co-cultured with or without 200 nM pregnen-

olone for 3 days after 2 day pre-treatment with physiological (20

and 20 ng/mL) or supra-physiological (50 and 50 ng/mL) concen-

trations of M-CSF and RANKL. As seen in Figures 5B and 5C in

both conditions, the number of EGFP-positive cells significantly

increased in the pregnenolone-treated cultures compared to the
vehicle-treated ones. Further, there was a statistically significant

increase in the number of nuclei within individual osteoclasts

treated with pregnenolone compared to vehicle-treated cultures

(Figure 5D). Real-time monitoring of osteoclast fusion in the

presence or absence of pregnenolone confirmed that this effect

takes places in less than 24 h (Figure 5E). These results indicate

that tumor-derived pregnenolone promotes the development of

osteoclasts by increasing the fusion of their precursors.

Pregnenolone promotes osteoclast fusion via P4HB
Next, we were interested in the mode of action of pregnenolone

on osteoclasts at themolecular level. Recently, a proteome-wide

spectrum of pregnenolone-binding proteins has been identified

in an approach integrating chemical biology for probe synthesis

with chemoproteomics.23 Among pregnenolone interaction part-

ners identified in this study and correlated with literature survey,
Cell Reports 43, 113936, March 26, 2024 9
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we recognized P4HB (also known as protein disulfide isom-

erase), an endoplasmic-reticulum-resident enzyme that cata-

lyzes posttranslational disulfide bond formation and serves as

a chaperone during protein folding. Since P4HB has also been

implicated in macrophage migration,24 and since the expression

of P4HB was strongly upregulated during osteoclast differentia-

tion (Figure S4A), we first tested the effect of pregnenolone on

osteoclast precursor migration. As shown in Figures 6A and

6B, pregnenolone strongly promoted the migration of bone-

marrow-derived pre-osteoclasts. However, quercetin-3-rutino-

side, an inhibitor of P4HB,25–28 blocked this effect of pregneno-

lone on pre-osteoclast migration in a wound-healing assay

(Figures 6A and 6B). Further, Transwell migration of pre-osteo-

clast cells was also significantly enhanced by pregnenolone

and strongly inhibited by quercetin-3-rutinoside (Figure 6C).

Next, suppressing P4HB activity by using a short hairpin RNA

technique in bone-marrow-precursor-derived osteoclasts

grown in the presence of pregnenolone strongly suppressed os-

teoclastogenesis in vitro (Figures 6D, S4B, and S4C). The last

question remained as to how P4HB, a protein disulfide isom-

erase localized in the endoplasmic reticulum, could regulate

osteoclast fusion in a pregnenolone-dependent manner. To

answer this question, we first compared the mRNA expression

of osteoclast master fusogens Tm7sf4 (encoding DC-STAMP)

and Ocstamp (encoding OC-STAMP) in pre-osteoclasts upon

M-CSF, RANKL and pregnenolone stimulation, but we could

not detect any significant difference in the expression of the

two genes (Figure 6E), which is in line with our previous observa-

tions that pregnenolone alone cannot induce osteoclast-specific

gene expression (Figure 5A). However, when measuring the

surface expression of OC-STAMP on pre-osteoclast by flow cy-

tometry, we detected a strong increase upon pregnenolone

stimulation compared to RANKL, which was almost completely

abrogated by the inhibition of P4HB with quercetin-3-rutinoside

(Figure 6F). Accordingly, we believe that P4HB is able to regulate

the posttranslational protein levels and surface expression of

master fusogen OC-STAMP in osteoclast precursors and that

pregnenolone stimulates it. To test the role of P4HB in osteo-

clasts in vivo, 10mg/kg quercetin-3-rutinoside was administered

orally to the mice injected with E0771/bone cells into the caudal

artery. Importantly, P4HB inhibitor quercetin-3-rutinoside signif-

icantly inhibited bone metastasis formation in the animals (Fig-

ure S4D). Further, intravenous injections of WT osteoclast pre-

cursors into Rank�/� neonates at postnatal days 5, 7, and 9

resulted in partial rescue of long-bone development as assessed

by micro-CT scans using the method described by Jacome-

Galarza et al.,29 while P4hb�/� precursors were not able to

rescue bone development in Rank�/� infants (Figure S4E). Abro-

gation of P4HB activity abolished the capacity of the transfused

osteoclast precursors to decrease bone volume/total volume

(BV/TV) ratio and increase osteoclast numbers in the histological

sections of the femurs of the animals (Figure S4F). Collectively,

these data suggest that P4HB plays an important role in osteo-

clasts in vivo and that administration of WT, but not P4hb�/�,

osteoclast precursors can rescue bone development in Rank�/�

mice; however, future experiments are required to better under-

stand the role of P4HB in in vivo bone homeostasis, e.g., by using

P4hb�/� mice.30
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Taken together, these results indicate we implicated P4HB in

osteoclasts as a potential interaction partner of tumor-cell-

derived pregnenolone and found that this molecule can drive

pre-osteoclast cell migration and fusion as well as in vitro and

in vivo development of osteoclasts.

Pregnenolone promotes human osteoclastogenesis and
is secreted by human tumor cells
Finally, we were interested in whether the same mechanism

works in human bone tumors. To test whether pregnenolone

can promote not only murine but also human osteoclastogene-

sis, peripheral blood mononuclear cells of healthy volunteers

were differentiated into osteoclasts in the presence of pregnen-

olone or vehicle after pre-treatment with M-CSF and RANKL.

As shown in Figures 7A–7C, pregnenolone dose-dependently

increased the number and size of osteoclasts compared to

the control. Moreover, we were able to detect pregnenolone

secreted in the nanomolar concentration range in the superna-

tants of highly bone-metastatic A375 and MDA-MB-435S mel-

anoma; A549, NCI-H1299, and NCI-H460 lung; MCF-7 and

MDA-MB-231 breast; and DU145, LNCaP, and PC-3 prostate

cancer cells but not in the supernatants of non-metastatic or

low-bone-metastatic Hs895.T and SK-MEL-28 melanoma;

BEAS-2B, NCI-H128, and NCI-H2126 lung; HCC70 and MCF-

10A breast; or MDA-PCa-2b, RWPE-1, and LASCPC-01 pros-

tate cell lines (Figure 7D). These results indicate that osteo-

tropic human cancer cell lines can also produce pregnenolone,

which promotes not only murine but human osteoclastogenesis

as well. Further, in a cohort of 2,976 people with breast can-

cer,31 higher expression of Cyp11a1 was found to be associ-

ated with worst prognosis (Figure 7E); however, future studies

are required to better understand the role of CYP11A1 in hu-

man bone tumors.

DISCUSSION

Osteolytic bone metastasis formation is a multistep process,

which requires complex interplay between tumor cells and oste-

oclasts, and it is regulated by microenvironmental factors.32

Here, we describe a potential regulator of osteoclastogenesis

secreted by solid cancer cells. Based on our results, de novo

production of the steroid pregnenolone by tumor cells in a

CYP11A1-enzyme-dependent manner drives osteoclastogene-

sis and osteolytic skeletal lesion formation (Figure 1). CRISPR-

Cas9-mediated deletion of the gene encoding CYP11A1 in the

tumor cells protects mice from bone metastases (Figure 2) and

cancer-cell-induced, osteoclast-mediated osteolysis (Figure 3).

Further, administration of pregnenolone promotes the develop-

ment and function of osteoclasts in vitro (Figure 4). Sun et al.

recently reported that high levels of pregnenolone in the mMcon-

centration range can exert an inhibitory effect on osteoclasto-

genesis,33 which is in line with our own observations (Figure 4).

However, we believe that tumor-derived steroids do not reach

such high concentrations within the tumor microenvironment to

induce the apoptosis of osteoclast-lineage cells. Instead, we

think that pregnenolone secreted in the nM concentration range

by the osteotropic tumor cells strongly promotes osteoclast

development and function (Figure 4).
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Next, we investigated the mechanism of action of pregneno-

lone on osteoclasts. The potential mechanism of how tumor-

derived pregnenolone promotes osteoclastogenesis is likely

via the enhancement of the osteoclast fusion machinery (Fig-

ure 5). As the early steps of intercellular fusion occur, osteoclast

precursors migrate toward each other. During this process,

P4HB, a molecule known to interact with pregnenolone,23 can

drive pre-osteoclast cell migration, based on our results (Fig-

ure 6). Moreover, we also found that pregnenolone via P4HB is

capable of regulating the surface expression of OC-STAMP, a

molecule critical for osteoclast fusion (Figure 6). Interestingly, a

recent integrated proteomics and network analysis study impli-

cated P4HB as a candidate gene involved in osteoporosis,34

another disease characterized by excessive osteoclast activity.

Further, there could be more interaction partners of pregneno-

lone in osteoclasts. Part of the identified pregnenolone interac-

tome in the chemoproteomics assay is related to steroid trans-

port across the cell.23 Voltage-dependent anion channels,

VDAC1–VDAC3, are important regulators of metabolite ex-

change between mitochondria and the rest of the cell. All three

VDACs were retrieved in the study by Roy et al.,23 and based

on our results (Figures S4A) and a recent paper,35 an anti-

VDAC1 antibody can abrogate osteoclastogenesis and osteo-

clast-mediated bone resorption as well (Figures S4G–S4I).

Finally, we demonstrated that osteotropic human cancer cell

lines can also produce pregnenolone, which promotes not only

murine but also human osteoclastogenesis and disease progres-

sion in patients with breast cancer (Figure 7).

RANKL is essential for the induction of osteoclastogenesis in

humans and mice.36 Loss or mutation of RANKL or its receptor

on osteoclasts, RANK, results in osteopetrosis in both species

because of a complete lack of osteoclasts.37 Further, it has

also been described that certain tumor cells can express

RANKL themselves to promote osteoclast development and

function.38–40 However, to date, no other molecule has been

proven capable of inducing osteoclast development indepen-

dently of RANKL.41 Recent studies identified certain tumor-

cell-derived soluble factors as potential regulators of osteoclas-

togenesis, but they failed to induce osteoclast differentiation and

osteolytic bone metastasis formation in further experiments.42

While other factors were also implicated to be able to induce

RANKL-independent osteoclast differentiation, they might not

be able to promote osteoclastogenesis alone and substitute

for the RANK ligand completely.41 Accordingly, we believe that

tumor-derived pregnenolone promotes osteoclastogenesis syn-

ergistically in combination with RANKL andM-CSF. Besides pro-

ducing pregnenolone, cancer cells can secrete both M-CSF and

PTHrP—which in turn increases RANKL expression on osteo-

blasts—and together with pregnenolone, they stimulate osteo-

clast development and fusion via P4HB.

Taken together, our results demonstrate that Cyp11a1-ex-

pressing malignant tumors de novo produce the steroid preg-

nenolone, which is capable of driving the development of bone

metastases by promoting osteoclastogenesis. In addition to its

role outside the adrenals, gonads, and placenta, CYP11A1-

driven extraglandular steroidogenesis has recently been impli-

cated within the non-transformed tumor microenvironment,

where cancer cells can subvert immune cell function to evade
immune responses.18–21 Accordingly, pharmacological interfer-

ence with local steroidogenesis in osteolytic skeletal lesions

may result in parallel inhibition of pro-tumorigenic immune cell

subsets and bone-resorbing osteoclasts. In a broader context,

better understanding of the molecular and cellular mechanisms

of local steroidogenesis within malignant tumors may drive the

development of novel therapeutic interventions for patients

with metastatic disease.

Limitations of the study
Theremay be potential limitations of this study. The generation of

CRISPR-Cas9-engineered cell linesmay result in undesired phe-

notypes caused by potential off-target genetic alterations.

Further application of the generated cell lines will require

comprehensive DNA sequencing to avoid introducing unin-

tended DNA changes that could result in oncogenic transforma-

tion or off-target phenotypes. Future work is also required to

better understand the role of CYP11A1 and P4HB in human

bone tumors and during physiological and pathological bone

turnover.
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32. Gy}ori, D.S., and Mócsai, A. (2020). Osteoclast Signal Transduction During

Bone Metastasis Formation. Front. Cell Dev. Biol. 8, 507. https://doi.org/

10.3389/fcell.2020.00507.

33. Sun, X., Zhang, C., Guo, H., Chen, J., Tao, Y., Wang, F., Lin, X., Liu, Q., Su,

L., and Qin, A. (2020). Pregnenolone Inhibits Osteoclast Differentiation and

Protects Against Lipopolysaccharide-Induced Inflammatory Bone

Destruction and Ovariectomy-Induced Bone Loss. Front. Pharmacol. 11,

360. https://doi.org/10.3389/fphar.2020.00360.

34. Zeng, Y., Zhang, L., Zhu, W., He, H., Sheng, H., Tian, Q., Deng, F.Y.,

Zhang, L.S., Hu, H.G., and Deng, H.W. (2017). Network based subcellular

proteomics in monocyte membrane revealed novel candidate genes

involved in osteoporosis. Osteoporos. Int. 28, 3033–3042. https://doi.

org/10.1007/s00198-017-4146-5.

35. Kotake, S., Yago, T., Kawamoto, M., and Nanke, Y. (2013). Voltage-

dependent anion channels (VDACs, porin) expressed in the plasma mem-

brane regulate the differentiation and function of human osteoclasts. Cell

Biol. Int. 37, 65–77. https://doi.org/10.1002/cbin.10013.

36. Kong, Y.Y., Yoshida, H., Sarosi, I., Tan, H.L., Timms, E., Capparelli, C.,

Morony, S., Oliveira-dos-Santos, A.J., Van, G., Itie, A., et al. (1999).

OPGL is a key regulator of osteoclastogenesis, lymphocyte development

and lymph-node organogenesis. Nature 397, 315–323. https://doi.org/10.

1038/16852.

37. Takayanagi, H. (2007). Osteoimmunology: sharedmechanisms and cross-

talk between the immune and bone systems. Nat. Rev. Immunol. 7,

292–304. https://doi.org/10.1038/nri2062.

38. Brown, J.M., Corey, E., Lee, Z.D., True, L.D., Yun, T.J., Tondravi, M., and

Vessella, R.L. (2001). Osteoprotegerin and rank ligand expression in

prostate cancer. Urology 57, 611–616. https://doi.org/10.1016/s0090-

4295(00)01122-5.
39. Sezer, O., Heider, U., Zavrski, I., K€uhne, C.A., and Hofbauer, L.C. (2003).

RANK ligand and osteoprotegerin in myeloma bone disease. Blood 101,

2094–2098. https://doi.org/10.1182/blood-2002-09-2684.

40. Farrugia, A.N., Atkins, G.J., To, L.B., Pan, B., Horvath, N., Kostakis, P., Fin-

dlay, D.M., Bardy, P., and Zannettino, A.C.W. (2003). Receptor activator of

nuclear factor-kappaB ligand expression by human myeloma cells medi-

ates osteoclast formation in vitro and correlates with bone destruction

in vivo. Cancer Res. 63, 5438–5445.

41. Tanaka, S. (2017). RANKL-Independent Osteoclastogenesis: A Long-

Standing Controversy. J. Bone Miner. Res. 32, 431–433. https://doi.org/

10.1002/jbmr.3092.

42. Tsukasaki, M., Hamada, K., Okamoto, K., Nagashima, K., Terashima, A.,

Komatsu, N., Win, S.J., Okamura, T., Nitta, T., Yasuda, H., et al. (2017).

LOX Fails to Substitute for RANKL in Osteoclastogenesis. J. Bone Miner.

Res. 32, 434–439. https://doi.org/10.1002/jbmr.2990.

43. Ran, F., Hsu, P., and Wright, J. (2013). Genome engineering using the

CRISPR-Cas9 system. Nat. Protoc. 8, 2281–2308. https://doi.org/10.

1038/nprot.2013.143.

44. Sanjana, N., Shalem, O., and Zhang, F. (2014). Improved vectors and

genome-wide libraries for CRISPR screening. Nat Methods 11, 783–784.

https://doi.org/10.1038/nmeth.3047.

45. Riedl, J., Flynn, K.C., Raducanu, A., Gärtner, F., Beck, G., Bösl, M.,
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Data and code availability
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Clinical samples
Experiments on human cells were approved by the Semmelweis University Regional and Institutional Committee of Science and

Research Ethics and informed consent was obtained from all subjects. Human osteoclasts were differentiated from peripheral blood

mononuclear cells of healthy volunteers obtained by dextran sedimentation and Ficoll-Paque gradient centrifugation. Mononuclear

cells were washed and plated onto 24-well tissue culture plates or bovine bone slices and cultured in the presence of 20 ng/mL re-

combinant human M-CSF and 20 ng/mL soluble human RANKL for 2 days, and then in the indicated concentration of pregnenolone

or vehicle for 12 days with media changes every 2 days.

Animals
All animal experimentswere approvedby theAnimal ExperimentationReviewBoardofSemmelweisUniversity.C57Bl/6micewerepur-

chased fromCharles River Laboratories. Transgenicmice ubiquitously expressing Lifeact-eGFP45were provided byMichael Sixt (Insti-

tute of Science and Technology, Klosterneuburg, Austria) and maintained in a homozygous form. Mice carrying the CtskTM 1(cre)Ska

(referred to as Ctsk-Cre) knock-in allele46 were obtained fromShigeaki Kato (University of Tokyo) andweremaintained in heterozygous

form. Mice carrying the Gt(ROSA)26SorTM 4(ACTB–tdTomato,–EGFP)Luo (referred to as mTmG) knock-in mutation47 were obtained from the

Jackson Laboratory and were maintained in homozygous form. Tnfrsf11a�/� (referred to as RANK-deficient) mice were obtained from

JosefPenninger (InstituteofMolecularBiotechnology,Austria) andweremaintained inheterozygous form.48Allmicewereon theC57Bl/

6geneticbackground.Miceofbothsexeswereusedandanimalswerebetween8and12weeksofage.Animalswerekept in individually

ventilated cages in a specific pathogen-free facility.

Cell lines
E0771/Pa breast and TRAMP-C1 prostate carcinoma cells were obtained from ATCC. E0771/Bone cells were obtained from Toru

Hiraga (Matsumoto Dental University, Shiojiri, Japan).12 B16F10malignant melanoma cell lines were obtained from ATCC. LLC Lewis

lung carcinoma cells were obtained from Klaus Okkenhaug (University of Cambridge, Cambridge, United Kingdom), with permission

fromMatthewKraman (F-star Biotechnology, Cambridge, United Kingdom).MC38 colon carcinoma cell line was obtained fromKlaus

Okkenhaug (University of Cambridge, Cambridge, United Kingdom), with permission from Mark Smyth (QIMR Berghofer, Brisbane,

Australia). Human cell lines A375, MDA-MB-435S, A549, NCI-H1299, NCI-H460, DU145, LNCaP, PC-3, Hs895.T, SK-MEL-28,

BEAS-2B, NCI-H2126, NCI-H128, HCC70, MCF-10A, MDA-PCa-2b, LASCPC-01, RWPE-1, MCF-7 and MDA-MB-231 were

obtained from ATCC.

METHOD DETAILS

Deletion and overexpression of the genes encoding CYP11A1 and P4HB
gRNA sequences directed against exon 1 of the murine Cyp11a1 gene were designed using the CHOPCHOP web tool for genome

engineering.49 Analysis of likely off-target genes was performed in silico. No genes directly involved in cell proliferation and differen-

tiation were identified as off-targets. The following CRISPR guide oligonucleotides were ordered: 50-CACCTACGGACTTGC

TAGGCTCTCT-30 (forward), 50- AGAGAGCCTAGCAAGTCCGTAGGTG-30 (reverse), 50- CAAGGTAAAAGGGTGAACGCTGGCT-30

(forward), 50-AGCCAGCGTTCACCCTTTTACCTTG-30 (reverse), 50- CACCAACGAGTTGGGTCAAACTTGT-30 (forward) 50- ACAAG

TTTGACCCAACTCGTTGGTG-30 (reverse), and subcloned into the pSpCas9 vector (PX459, Addgene). After sequence verification

of the inserts, B16F10 tumor cells were transfected with the vectors using Lipofectamine 3000 (ThermoFisher Scientific) transfection

reagent. Cells were subsequently selected with 5 mg/mL puromycin for 72 h and used for single-cell clone generation. Genomicmodi-

fication of single-cell clones was assessed byWestern blotting and ELISA. 2 different clones (AB12-183-A1 and CK21-276-H2) were

tested in vitro and implanted in in vivo experiments.

For overexpression of Cyp11a1 in TRAMP-C1 cells pcDNA3.1 plasmids (Addgene) were used. Cells were transfected using Lip-

ofectamine 3000 (ThermoFisher Scientific) as described by the manufacturer. After transfection, cells stably expressing Cyp11a1

were selected using 500 mg/mL G418 antibiotic for 4 weeks. Levels of mRNA transcripts and protein expression were monitored

by RT-PCR and Western blotting.

P4hb�/� cells were generated using CRISPR/Cas9 mutagenesis. The gRNA sequence targeting P4HB was designed using the

CHOPCHOP web tool,49 as follows: 50-AAGCAACTTCGCGGAGGCGC-30. Then, gRNA was cloned into the lentiCRISPRv2

(Addgene, 52961) vector. The constructed lentiCRISPRv2 plasmid together with the packaging plasmids, psPAX2 (Addgene,

12260) and pMD2.G (Addgene, 12259) were transfected into HEK293T cells. The lentiviral particles in the supernatant were harvested

and added to wild-type fetal liver cells isolated fromC57Bl/6mice. Mock transduced cells (with empty vectors) were used as controls

and the transfected cells were selected with blasticidin. Then, genomic DNA of the cells was isolated for sequencing, and protein was

extracted for immunoblotting with anti-P4HB antibody (Abcam, ab2792).
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Tumor models
Tumor cells weremaintained in culture in DMEMcontaining 10%FCS (Gibco). Tumor cell supernatants were centrifuged at 3000 g for

20 min, filtered through 0.22 pore diameter filters (Corning), and supplemented with empty aMEM medium before using it in cell

culture experiments. Suspensions of tumor cells were prepared in sterile PBS, and cell counts were determinedmanually using Neu-

bauer chambers. For primary tumor growth measurements, 0.5 x 106 E0771/Bone or 1 x 105 B16F10 cells were administered in

100 mL PBS into the mammary fat pads or by intradermal injections in the skin of the shaved left flank of isoflurane-anesthetized

C57Bl/6 mice, respectively. When tumors became palpable (around day 7–10), tumor growth was monitored by caliper measure-

ments every 2–3 days. Tumor volume (mm3) was calculated as length x width2. Mice bearing tumors were culled at 21 days after

implantation. Any mice bearing tumors that approached or exceeded the terminal size limit (10% of the weight of the mouse at

the start of the study) during the course of the study were culled and excluded from the study.50,51 Tumor-bearing mice were treated

with 50 mg/kg 2-AG orally every 2 days. For lung and bone metastasis formation, 0.5 x 106 E0771/Bone or 1 x 105 B16F10 cells were

administered in 100 mL PBS into the tail vein or caudal artery52 of C57Bl/6 mice, respectively.

Micro-CT and histomorphometric analyses
Trabecular bone structure and mineralization were tested by micro-CT analysis of the distal metaphysis of the femurs of tumor cell-

injected C57Bl/6 mice as previously described.53–55 Micro-CT sections were acquired using a SkyScan 1172 micro-CT apparatus

(Bruker, Kontic, Belgium) with an isometric voxel size of 4.5 mm, followed by reconstitution of a three-dimensional axial cylinder of

700 mm diameter expanding from 150 to 450 sections proximal to the distal growth plate, and calculation of quantitative micro-

CT parameters using the SkyScan NRecon and CT-Analyser softwares.53–55

Histomorphometry studies were performed on the distal metaphysis of the femurs of tumor cell-injected C57Bl/6 mice as

previously described.54 Bones were fixed in PBS with 4% PFA, decalcified in OSTEOSOFT (Merck/Sigma), embedded in paraffin,

sectioned and stained with tartrate resistant acid phosphatase (TRAP) and hematoxylin-eosin stains (Merck/Sigma). Histomorpho-

metric analysis was performed using a Leica DMI6000B inverted microscope according to international standards.56

In vitro and in vivo mouse macrophage and osteoclast cultures and resorption assays
Wild typemacrophages were generated by isolating bonemarrow cells from the long bones (femurs, tibias) of C57Bl/6 mice and then

cultured in the presence of 20 ng/mL M-CSF.

Osteoclast cultures were performed essentially as previously described.53–55 Wild type, Lifeact-eGFP, Ctsk-Cre or mTmG osteo-

clast precursor cells were cultured in the presence of 20 or 50 ng/mLmouse recombinant M-CSF and 20 or 50 ng/mL soluble RANKL

for 2 days and then in the presence of the indicated concentration of pregnenolone or vehicle for 3more days. Osteoclastmorphology

was tested by a commercially available TRAP staining kit (Merck/Sigma) on day 5. Images were made by using a Leica DMI6000B

invertedmicroscope and the number of osteoclasts (defined as TRAP-positive cells with 3 or more nuclei) was countedmanually. For

in vitro resorption assays, osteoclasts were cultured under similar conditions for 11more dayswithmedia changes every 2–3 days on

artificial hydroxyapatite layer (BD BioCoat Osteologic slides) or on bovine cortical bone slices (Immunodiagnostic Systems), followed

by toluidine blue staining and determination of the resorbed area using ImageJ software (NIH).

For osteoclast-tumor cell co-culture experiments, wild type bonemarrow-derived osteoclast precursors were cultured in the pres-

ence of 20 ng/mL recombinant mouse M-CSF and soluble RANKL for 2 days. Then B16F10 tumor cells were added to the cultures at

a density of 53104 cells/cm2. Osteoclast morphology (TRAP expression) and resorptive function were then determined as described

above. Tumor cell supernatants were also added to the cultures after 2 days of initial recombinant M-CSF and soluble RANKL

treatments.

33106 WT and P4hb�/� fetal liver cells were intravenously injected into Tnfrsf11a�/� (RANK-deficient) neonates at postnatal days

5, 7 and 9. 8 weeks later, micro-CT and histomorphometric analysis of the distal femoral metaphysis of the animals was carried out as

previously described.53–55

Detection of cell survival and OC-STAMP surface expression
For flow cytometry analysis, pre-osteoclasts were obtained by culturing mouse bone marrow-derived macrophage precursors for

2 days in the presence of 20 ng/mL M-CSF and 20 ng/mL soluble RANKL or the indicated concentration of pregnenolone with or

without quercetin-3-rutinoside. Cells were suspended by 0.25% Trypsin-EDTA (Merck/Sigma), stained with Annexin-V-PE and

7-amino-actinomycin D (both from BD Pharmingen) or FITC-labeled anti-OC-STAMP-mAb (NBP1-78156, Novus Biologicals) ac-

cording to the manufacturer’s instructions and analyzed on a BD FACSCalibur flow cytometer.54

Actin ring formation assay
For the detection of acting rings, bone marrow-derived macrophage precursors obtained from wild-type or Lifeact-eGFP transgenic

micewere cultured in the presence of 20 ng/mLM-CSF and 20 ng/mL soluble RANKL for 2 days and thenwith or without the indicated

concentration of pregnenolone for another 3 days. Images were taken using a Leica DMI6000B fluorescence microscope as previ-

ously described.54 For detection of nuclei, cells were fixed with 4% paraformaldehyde and stained with 1:1000 DAPI (Invitrogen).
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In vitro osteoclast fusion assay
For the detection of osteoclast fusion, Ctsk-Cre and mTmG bone marrow cells were co-cultured in the presence of 20 or 50 ng/mL

mouse M-CSF and 20 or 50 ng/mL mouse soluble RANKL for 2 days and then with 200 nM pregnenolone or vehicle for another

3 days. For real-time time-lapse video microscopy, cell cultures were incubated with 5% CO2–95% air gas mixture, humidity and

a constant temperature of 37�C as previously described.22 Images were taken using a Leica DMI6000B fluorescence microscope

every 60 min. Real-time images and videos were processed using ImageJ/Fiji.

RNA sequencing and quantitative PCR
Total RNA from E0771/Pa and E0771/Bone cells were converted into RNA-Seq libraries with the NEBNext Ultra II RNA Library Prep-

aration Kit (NewEngland Biolabs, Ipswich, MA, USA). Sequencing was performed on Illumina NextSeq500 instrument using the Next-

Seq500/550 High Output Kit v2.5 (75 cycles) as previously described.57 Hisat2 algorithmwas used for alignment and raw sequencing

reads were mapped to the Mm10 mouse reference genome and BAM files were generated. Downstream analysis was performed

using StrandNGS software (www.strand-ngs.com). BAM files were imported into the software DESeq algorithmwas used for normal-

ization. Moderated T test was used for determine differentially expressed genes, p values were corrected by themethod of Benjamini

and Hochberg false discovery rate to take multiple testing into account. Gene ontology and pathway enrichment analysis was per-

formed essentially as described before.57

To detect gene expression changes with qPCR, tumor cells were cultured in DMEM with 10% FBS or mouse bone marrow pro-

genitors were cultured for 2 days in the presence of 20 ng/mL M-CSF with or without soluble RANKL and then for 3 days in the pres-

ence of the indicated concentration of pregnenolone or vehicle, followed by RNA extraction and reverse transcription as previously

described.53,54 Quantitative PCRwas then performed using Taqman assays for themouseCyp11a1, Cyp17a1, Hsd3b, Nfatc1, Acp5,

Itgb3, Calcr, Tm7sf4, Ocstamp, Ctsk, P4hb, Vdac1 genes and transcript levels relative to Gapdh were calculated using the compar-

ative Ct method.

In vitro wound healing and migration assays
For wound healing assays, wild-type bone marrow-derived osteoclast precursors were grown in the presence of 20 ng/mL mouse

M-CSF and RANKL to reach 90–95% confluence. Then, the monolayer of cells was scraped with a standard 200 mL sterile micropi-

pette tip to create a denuded gap of constant width. The cells were subsequently exposed to 20 ng/mL mouse M-CSF and RANKL

with or without pregnenolone for 24 h and imaged every 8 h under constant conditions (5% CO2–95% air gas mixture, humidity and

temperature of 37�C) using a Leica DMI6000B microscope.

For in vitro migration experiments, Transwell inserts with a polycarbonate membrane with 5 mm pore size (Corning) were pre-

coated with fibrinogen as previously described58 and filled with pre-osteoclast cell suspensions. The inserts were placed into

24-well plates filled with the indicated concentrations of mouse recombinant M-CSF and soluble RANKL with or without pregneno-

lone. After 60 min, the plates were spun, the inserts were removed, and the number of pre-osteoclasts in the bottom of the wells was

determined.58

Steroid measurement by liquid chromatography mass spectrometry (LC-MS/MS)
Liquid chromatography and mass spectrometry steroid measurements were carried out essentially as described before.59 Samples

(100 mL) of each cell supernantant sample was enriched with isotopically labeled internal standards, including 13C2,d2-pregnenolone

(1 ng) and extracted along with a mixed steroid calibration curve, including pregnenolone (0.005–1 ng) through supported liquid

extraction plates on an Extrahera liquid handling robot (Biotage, Uppsala, Sweden) using dichloromethane/isopropanol (98:2 v/v),

reduced to dryness under nitrogen and resuspension in water/methanol (80 mL; 70:30 v/v water/methanol) followed by LC-MS/

MS analysis of the extract. Briefly, an I-Class UPLC (Waters, UK) was used for the liquid chromatography on a Kinetex C18 column

(150 3 2.1 mm; 2.6 mm) with a flow rate of 0.3 mL/min and a mobile phase system of water with 0.05 mM ammonium fluoride and

methanol with 0.05 mM ammonium fluoride, starting at 50% B, rising to 95% B and returning to 50% B. Separation of 18 steroids

was carried out (Figure S1E) The column and autosampler temperatures were maintained at 50 and 10�C, respectively. The injection

volume was 20 mL and the total analytical run time per sample was 16 min. Steroids were detected on a QTrap 6500+ mass spec-

trometer (ABSciex,Warrington, UK) equippedwith an electrospray ionisation turbo V ion spray source. Positive ion spray voltagewas

set to 5500 V and negative ion spray voltage was set to�4500 V, with the source temperature maintained at 600�C.Multiple reaction

monitoring parameters were carried out for all steroids including pregnenolone (P5)m/z 317.1 281.1 and 159.0 with declustering po-

tential (DP) of 66 collision exit potential (CXP) of 31 and 29 V and collision energy (CE) of 12 V, respectively and for 13C2,d2-pregnen-

olone of 321.2 / 285.2 with DP of 14 CXP of 17 and CE of 18 with retention time of 10.4 min.

The ratio of P5/13C2,d2-P5 peak areas were calculated and linear regression analysis used to calculate the amount of P5 in each

sample. The same was done for other steroids in the sample (aldosterone, cortisol, DHEA, androstenedione, progesterone,

17b-estradiol, estron, estriol, 5a-dihydrotestosterone and testosterone) by evaluation of the data on MultiQuant 3.0.3 (AB

Sciex, UK).59
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Immunoblotting and ELISA
Immunoblotting was performed as previously described.60 Cells were washed with ice-cold PBS and lysed using radioimmunopre-

cipitation assay buffer (RIPA, containing 1% Triton X-, 0.1% SDS, 0.5% sodium deoxycholate, 30 mM HEPES, 5 mM Na-EGTA,

10 mM benzamidine, and 20 mM NaF in physiological saline) supplemented with sodium-orthovanadate, phosphatase inhibitor

cocktails 1 and 2, PMSF and aprotinin (all from Merck/Sigma-Aldrich). Cell debris was removed by centrifugation at 16,000 g. 4x

reducing sample buffer was added for the samples and boiled for 10min 20 mg of total protein was run on a 14%SDS-polyacrylamide

gel, electroblotted onto nitrocellulosemembranes and stainedwith Ponceau. Membraneswere then blockedwith 3%drymilk in PBS

and 0.1%Tween 20 (PBS-Tween), followed by immunoblotting with primary antibodies against Cyp11a1 (1:1000, ab175408, Abcam)

or b-actin (1:10000, Clone AC-74; Merck/Sigma) diluted in 3%BSA in PBS-Tween, followed by HRP-labeled anti-rabbit IgG and anti-

mouse IgG antibodies (1:5000, GE Healthcare) diluted in 3% dry milk in PBS-Tween. Signal was developed by ECL (GE Healthcare)

and exposed to X-ray film.60

Levels of pregnenolone, aldosterone, corticosterone, estradiol, progesterone, 17-OH pregnenolone, DHEA, androstenedione, di-

hydrotestosterone, testosterone, M-CSF and RANKL present within the supernatants of tumor cells were measured using theMouse

Competitive ELISA Kits (Elabscience Biotechnology Ltd.), in accordance with the manufacturer’s instructions and as previously

described.50

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed 3 or more times (or on at least 6 individual mice per group) with comparable results. Statistical anal-

ysis was performed using Student’s unpaired two-population t test or 2-way, repeated-measures ANOVA with Bonferroni’s post hoc

test. Differences with p values of <0.05 were considered statistically significant: *, p < 0.05; **, p < 0.01; ***, p < 0.002; ****, p < 0.0004.
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