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SUMMARY 34 

Osteoclasts play a central role in cancer cell-induced osteolysis, but the molecular mechanisms 35 

of osteoclast activation during bone metastasis formation are incompletely understood. By 36 

performing RNA sequencing on a mouse breast carcinoma cell line with higher bone-metastatic 37 

potential, here we identify the enzyme CYP11A1 strongly upregulated in osteotropic tumor 38 

cells. Genetic deletion of Cyp11a1 in tumor cells leads to decreased number of bone 39 

metastases, but does not alter primary tumor growth and lung metastasis formation in mice. 40 

The product of CYP11A1 activity, pregnenolone strongly increases the number and function 41 

of mouse and human osteoclasts in vitro, but does not alter osteoclast-specific gene expression. 42 

Instead, tumor-derived pregnenolone strongly enhances the fusion of pre-osteoclasts via Prolyl 43 

4-Hydroxylase Subunit Beta (P4HB) identified as a potential interaction partner of 44 

pregnenolone. Taken together, our results demonstrate, that Cyp11a1-expressing tumor cells 45 

produce pregnenolone, which is capable of promoting bone metastasis formation and osteoclast 46 

development via P4HB. 47 

48 
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INTRODUCTION 49 

Osteolytic bone metastases, where bone tissue is destroyed, lead to pathological 50 

fractures and increased patient mortality1-3. Although osteoclasts, the unique bone-resorbing 51 

cells of hematopoietic origin, are essential for pathological bone loss, the molecular 52 

mechanisms directing osteoclast differentiation during skeletal lesion formation are largely 53 

unknown. The aim of our experiments was to identify tumor cell-derived factors, which are 54 

capable of promoting the development and function of osteoclasts during bone metastasis. 55 

Although cancer cells forming skeletal lesions are able to exert proteolytic activity to 56 

some level, they cannot break down the bone matrix4. The digestion of both the organic and 57 

inorganic components of the bone is then carried out by osteoclasts, the sole bone-resorbing 58 

cells of the human body, accumulating in the close proximity of the osteotropic tumor cells5. 59 

Osteoclast development is directed by two main growth factors, namely receptor activator of 60 

NF-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), which are 61 

provided by stromal cells, such as osteoblast and osteocytes under non-pathological 62 

conditions6. The first phase of osteoclast development is then determined by the expression of 63 

various osteoclast-specific genes, such as tartrate-resistant acidic phosphatase (TRAP) in pre-64 

osteoclasts7. During the second phase of osteoclast differentiation, fusion of these pre-65 

osteoclasts occurs and leads to the development of large, multinucleated, mature osteoclasts8. 66 

Finally, those mature polykarions spread over the bone surface by forming actin rings and 67 

sealing zones in order to degrade the bone matrix via the parallel release of digestive enzymes 68 

and hydrochloric acid9. 69 

Solid tumors capable of forming osteolytic bone metastases were previously considered 70 

to induce osteoclast differentiation indirectly via the activation of osteoblasts10. During this 71 

process, cancer cell-derived parathyroid hormone related peptide (PTHrP) induces the 72 

expression of RANKL on osteoblasts, which in turn drives the differentiation of multinucleated 73 

osteoclast from myeloid precursors11. Mature osteoclasts then resorb the bone matrix and allow 74 

tumor cells to grow and spread within the tissue. In this study, our results suggest that osteoclast 75 

differentiation can also be directly initiated by the cancer cells themselves. Here we 76 

demonstrate, that steroids de novo produced by Cyp11a1-expressing tumor cells are able to 77 

support bone metastasis formation and the development and resorptive function of osteoclasts 78 

both in humans and mice. We identify pregnenolone, a potential tumor cell-derived regulator 79 

of osteoclastogenesis, which is capable of promoting the fusion of osteoclasts via P4HB 80 

molecule.  81 
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RESULTS 82 

Tumor cell-derived soluble factors are capable of promoting osteoclast development in vitro 83 

E0771/Bone breast carcinoma cell line with higher bone-metastatic potential compared 84 

to the parental cell line (E0771/Pa) was established by sequential in vivo selection in mice12. 85 

After culturing the cells in the presence of serum-free medium for 24 hours, supernatants of 86 

E0771/Bone and E0771/Pa cells were centrifuged, filtered and incubated with mouse bone 87 

marrow-derived osteoclast precursors. To our surprise, supernatants from E0771/Bone cells 88 

were able to strongly promote the development of multinucleated, TRAP-positive giant cells 89 

(Figure 1A-B) comparable to recombinant M-CSF and soluble RANKL treated cultures. Those 90 

osteoclast-like cells induced by E0771/Bone (but not by E0771/Pa) supernatants were able to 91 

resorb hydroxyapatite surfaces (Figure 1A-B). Further, the effect of tumor cell supernatants on 92 

osteoclasts was likely independent of soluble RANKL, as we could not detect any RANKL 93 

secreted by the E0771/Bone cancer cells in vitro by ELISA (Supplementary Fig S1A). Taken 94 

together, by using a bone-metastatic clone of E0771 breast carcinoma cells (E0771/Bone), we 95 

were able to demonstrate the presence of tumor-cell derived soluble factors capable of inducing 96 

in vitro development and function of bone marrow-derived osteoclast. 97 

 98 

The steroidogenic enzyme CYP11A1 is strongly upregulated in the osteotropic tumor cells 99 

Next, we compared the global gene expression profiles of E0771/Bone and E0771/Pa 100 

cells by RNA sequencing. Using next generation sequencing (NGS) performed on an Illumina 101 

platform, we were able to identify approximately 200 differently regulated genes, of which 102 

about 150 genes were upregulated and almost 50 downregulated in the E0771/Bone cells 103 

compared to E0771/Pa cells (Figure 1C). Gene ontology and pathway enrichment analysis 104 

showed that genes involved in the regulation of bone homeostasis (e.g. BMPs, Wnt-, Notch 105 

signaling pathways) were upregulated in E0771/Bone cells (Figure 1D). However, one of the 106 

genes strongly upregulated in the E0771/Bone cells was Cyp11a1 encoding the steroidogenic 107 

enzyme CYP11A1 (Figure 1E and Supplementary Figure S1B). This enzyme, a member of the 108 

cytochrome P450 family, is situated in the mitochondrial inner membrane and catalyzes the 109 

first and enzymatically rate-limiting step in the synthesis of steroid hormones by converting 110 

cholesterol to pregnenolone (Figure 1F). This so called de novo steroidogenesis classically 111 

takes places in the adrenal gland, gonads and placenta, however more recent data suggest that 112 

extraglandular steroidogenesis can also occur in several other tissues under physiological and 113 

pathological conditions13-21. We were therefore interested to see whether this enzyme is 114 

functional in the osteotropic tumor cells and its presence could lead to the generation of its 115 
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product pregnenolone. To this end, we measured the concentration of pregnenolone (P5) in the 116 

supernatants of different mouse cancer cell lines capable of forming osteolytic bone metastases 117 

by two techniques; ELISA and liquid chromatography-tandem mass spectrometry (LC-118 

MS/MS). We also profiled steroids using LC-MS/MS. As shown on Figure 1G, E0771/Bone 119 

breast carcinoma cells secreted more pregnenolone than E0771/Pa cells and B16F10 malignant 120 

melanoma cells secreted the highest levels of pregnenolone into their supernatants. However, 121 

tumor cell lines, which form very few or no bone metastases, such as MC38 colorectal 122 

carcinoma and LLC Lewis lung carcinoma cells, secreted low levels or no pregnenolone into 123 

their supernatants. Further, we couldn’t detect the expression of the enzymes Cyp17a1 124 

(encoding 17-hydroxylase) and Hsd3b (encoding 3β-hydroxysteroid dehydrogenase) 125 

(Supplementary Figure S1C) or the presence of any other steroids, including aldosterone, 126 

corticosterone, 17-estradiol, progesterone, 17-OH pregnenolone, DHEA, androstenedione, 127 

5-dihydrotestosterone and testosterone secreted by the osteotropic tumor cells measured by 128 

ELISA or targeted steroid profiling LC-MS/MS method (Supplementary Figure S1D-F). 129 

Finally, we also detected high levels of pregnenolone (but not androstenedione, cortisol, 130 

DHEA, 17β-estradiol, estrone, estriol, progesterone, 5α-dihydrotestosterone and testosterone) 131 

in the extracellular fluid (ECF) of E0771/Bone and B16F10 (but not E0771/Pa) primary tumors 132 

by ELISA and targeted LC-MS/MS (Supplementary Figures S1G-I). Taken together, our 133 

results indicate, that different osteotropic tumor cells express the steroidogenic enzyme 134 

CYP11A1 and its product, pregnenolone, is present in high concentrations in their 135 

environment. 136 

 137 

Genetic deficiency of CYP11A1 in tumor cells leads to decreased bone metastasis formation 138 

 Having found that high levels of pregnenolone are secreted into the culture supernatant 139 

and ECF by different mouse solid tumor cell lines, we next asked whether Cyp11a1-expressing 140 

cancer cell-derived pregnenolone can support bone metastasis formation in vivo. To this end, 141 

we disrupted the gene encoding CYP11A1 using CRISPR/Cas9 mutagenesis in B16F10 cells. 142 

We confirmed that Cyp11a1–/– B16F10 cells are not expressing CYP11A1 at the protein level 143 

(Supplementary Figure S2A) and are not able to secrete pregnenolone into the culture 144 

supernatant (Supplementary Figure S2B). However, we detected no significant difference 145 

between the growth rates of parental (WT) and Cyp11a1–/– B16F10 cells in vitro 146 

(Supplementary Figure S2C). 147 
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Further, when implanting WT and Cyp11a1–/– B16F10 cells intradermally into C57Bl/6 148 

mice, we could not detect any significant difference between the in vivo growth rates of the 149 

two genotypes (Figures 2A and 2B). Moreover, intravenous injection of WT and Cyp11a1–/– 150 

B16F10 cells resulted in no difference in the level of lung metastasis formation as well (Figures 151 

2C and 2D). However, to our surprise, when injecting WT and Cyp11a1–/– tumor cells into the 152 

caudal artery of C57Bl/6 mice to induce bone metastasis formation in the long bones (femurs 153 

and tibias) of the hind limbs, almost no tumor deposits were macroscopically visible in 154 

Cyp11a1–/– B16F10 cell-injected mice, while melanin-rich tumor deposits were clearly seen in 155 

Cyp11a1+/+ B16F10 cancer cell-injected mouse long bones (Figures 2E and 2F). Importantly, 156 

administration of exogenous pregnenolone restored bone tumor growth of Cyp11a1–/– B16F10 157 

cells (Supplementary Figure S2D). Further, aminogluthetimide (2-AG), a pharmacological 158 

inhibitor of CYP11A1 significantly decreased bone metastasis formation in E0771/Bone tumor 159 

cell-injected mice (Supplementary Figure S2E-2F). Moreover, when E0771/Pa cells - which 160 

spontaneously develop very few or no bone metastasis - were injected into the caudal artery of 161 

the mice, pregnenolone treatment alone could lead to the formation of osteolytic skeletal 162 

lesions (Supplementary Figures S2G-2H). Similarly, when injecting Cyp11a1-overexpressing 163 

TRAMP-C1 prostate cancer cells into the experimental animals significantly more bone 164 

metastases were detected (Supplementary Figures S2I-K). These results indicate that Cyp11a1 165 

expressed in the solid tumor cells plays an important role in promoting bone metastasis in vivo. 166 

 167 

Genetic deficiency of CYP11A1 in tumors protects mice from osteoclast-mediated osteolysis 168 

To test the role of CYP11A1 in the process of bone metastasis formation, we analyzed 169 

trabecular bone structure of the distal metaphysis of the femurs of WT and Cyp11a1–/– B16F10 170 

cell-injected mice using micro-CT and histomorphometric analyses. As shown in Figure 3A, 171 

more trabeculae were seen in three-dimensional reconstitution of an axial cylinder of the 172 

femurs of Cyp11a1–/– tumor-injected animals compared to the Cyp11a1+/+ B16F10 cell-173 

injected ones. Quantification of the entire trabecular area (Figure 3B) revealed significantly 174 

increased percent bone volume (bone volume/total volume; BV/TV) in the femurs of Cyp11a1–
175 

/– B16F10 cell-injected animals compared to the WT tumor-injected ones, which was primarily 176 

due to increased trabecular number rather than increased thickness of the individual trabeculae 177 

(Figure 3B). 178 

We also performed histological and histomorphometric analyses on the trabecular bone 179 

of the distal femurs of WT and Cyp11a1–/– B16F10 cell-injected mice. As shown in Figure 3C, 180 

less tumor mass and more trabeculae were seen in the histological sections of the femurs of 181 
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Cyp11a1–/– cancer cell-injected animals compared to the Cyp11a1+/+ B16F10 cell-injected 182 

ones. We next analyzed osteoclasts visible in the TRAP-stained sections (Figure 3D). There 183 

was a statistically significant reduction in the average number of osteoclasts per bone perimeter 184 

in Cyp11a1–/– B16F10 cell-injected mice (Figure 3E). In addition, we could detect a significant 185 

decrease in the level of C-terminal telopeptide (CTx), a marker of bone resorption in Cyp11a1–
186 

/– B16F10 cell-injected mice compared to the WT tumor-injected ones (Figure 3F), but there 187 

was no difference in the level of bone formation marker osteocalcin (Figure 3G). Taken 188 

together, our data indicates, that genetic deficiency of CYP11A1 in the osteotropic tumor cells 189 

protects mice from cancer cell-induced, osteoclast-mediated osteolysis in vivo. 190 

 191 

Pregnenolone promotes osteoclast development and function in vitro 192 

As shown in Figures 4A and 4B, similar to E0771/Bone, B16F10 WT tumor cell 193 

supernatants (but not B16F10 Cyp11a1–/– tumor cell supernatants) were also able to promote 194 

in vitro osteoclastogenesis to a level comparable with the effect of 20 ng/mL recombinant M-195 

CSF and 20 ng/mL soluble RANKL. This effect of WT tumor cell supernatants was dose-196 

dependent (Supplementary Figures S3A and S3B). Moreover, when co-culturing B16F10 cells 197 

with bone marrow-derived macrophages, the osteotropic cancer cells were capable of inducing 198 

development of large, multinucleated, TRAP-positive giant cells, which could also resorb the 199 

bone (Supplemental Figures 3C-F). We were next interested in whether pregnenolone could be 200 

the soluble factor produced by the tumor cells responsible for this effect. Accordingly, bone 201 

marrow-derived osteoclast precursor cultures were treated with different concentrations of 202 

pregnenolone following the induction of an osteoclast-specific gene expression program in the 203 

bone marrow cells by pre-treatment with 20 ng/mL M-CSF and RANKL. As shown in Figures 204 

4C and 4D, pregnenolone in the nanomolar concentration range dose-dependently increased 205 

the number and size of TRAP-positive, multinucleated osteoclasts compared to the control 206 

cultures treated with 20 ng/mL recombinant M-CSF and RANKL. Interestingly, corticosterone 207 

(but not 17-OH pregnenolone, progesterone, DHEA or androstenedione) had a similar effect 208 

on in vitro osteoclastogenesis (Supplementary Figures S3G and S3H), but we couldn’t detect 209 

it in the tumor cell supernatants (Supplementary Figure S1D). On the other hand, higher 210 

pregnenolone concentrations within the micromolar range had an opposite effect and decreased 211 

the number of osteoclasts in the cultures (Figures 4C and 4D). Similar results were obtained 212 

when we tested the resorptive capacity of in vitro osteoclast cultures in the presence of 213 

pregnenolone on bovine bone slices. As shown on Figures 4C and 4E pregnenolone dose-214 

dependently increased the function of osteoclast in the nanomolar concentration range. To 215 
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ensure their function, mature osteoclast form actin rings to seal the resorption pits. In line with 216 

this important function, significantly more continuous F-actin rings were observed in osteoclast 217 

cultures treated with 50-500 nM pregnenolone compared to the control treated cultures (Figures 218 

4C and 4F). In contrast, less resorption pits and lower numbers of actin rings were seen in the 219 

osteoclast cultures treated with ≥1 µM of pregnenolone (Figures 4C, 4E and 4F). The most 220 

likely explanation for this is that higher concentrations of pregnenolone decrease the survival 221 

of osteoclast-lineage cells. As shown in Figure 4G, approx. 90% of pre-osteoclasts were 222 

negative for the apoptosis marker Annexin V and necrosis marker 7-AAD under lower 223 

pregnenolone concentrations within the nanomolar range, whereas 1 µM pregnenolone 224 

triggered apoptosis and necrosis of the cells. 225 

Taken together, pregnenolone in the concentration range secreted by osteotropic tumor 226 

cells strongly promotes the in vitro development, resorptive function and actin ring formation 227 

of osteoclasts, but does not affect the survival, apoptosis or necrosis of osteoclast-lineage cells. 228 

 229 

Pregnenolone is not sufficient for osteoclast-specific gene expression 230 

To understand the mechanism of how tumor cell-derived pregnenolone drives the 231 

development of osteoclasts, we next tested the expression of osteoclast-specific genes. This 232 

process takes place during the biochemical maturation of osteoclast precursors, which is the 233 

early phase of osteoclastogenesis. To induce an osteoclast specific gene expression program, 234 

mouse bone marrow progenitors were cultured in the presence of 20-20 ng/mL recombinant 235 

M-CSF and RANKL for 2 days and then in the presence of the indicated concentration of 236 

pregnenolone or vehicle for 3 more days. We used bone marrow-derived macrophages cultured 237 

in the presence of M-CSF or pregnenolone alone as negative controls. As shown in Fig 5A, the 238 

expression of Nfatc1 (encoding for NFATc1), Acp5 (TRAP), Calcr (calcitonin receptor), Itgb3 239 

(integrin β3-chain), Tm7sf4 (DC-STAMP) and Ctsk (cathepsin K), was all strongly increased 240 

during osteoclast development (M-CSF and RANKL), but not during macrophage 241 

differentiation (M-CSF alone). On the other hand, administration of pregnenolone alone or 242 

after M-CSF and RANKL treatment did not altered the expression of those genes compared to 243 

effect of M-CSF or M-CSF and RANKL, respectively (Fig 5A), indicating that solid tumor 244 

cell-derived pregnenolone is likely not sufficient alone for osteoclast-specific gene expression. 245 

 246 

Pregnenolone promotes the fusion of osteoclast precursors 247 

During the second phase of osteoclastogenesis, mononuclear osteoclast precursors fuse 248 

together to form the multinuclear polykarions. This intercellular fusion of pre-osteoclasts could 249 
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be monitored in real-time by a recently developed fluorescence-based osteoclast fusion assay22. 250 

This assay relies on red-to-green fluorescence conversion of the membrane-targeted 251 

tdTomato/eGFP (mTmG) transgene by Cre bacterial recombinase expressed under the control 252 

of osteoclast-specific cathepsin K promoter (Ctsk-Cre). Bone marrow precursors carrying the 253 

mTmG or the Ctsk-Cre transgene alone exhibit only red or no fluorescence, respectively. 254 

However, when mTmG and Ctsk-Cre progenitors are co-cultured under osteoclastogenic 255 

conditions, osteoclast-specific expression of Cre triggers removal of tdTomato and allows 256 

expression of eGFP within the fused osteoclast-like multinuclear cells. This red-to-green 257 

fluorescence conversion could be easily visualized and quantified22. 258 

To test the effect of pregnenolone on osteoclast fusion, bone marrow-derived 259 

progenitors were isolated from mTmG and Ctsk-Cre mice and co-cultured with or without 200 260 

nM pregnenolone for 3 days after 2-days pre-treatment with physiological (20-20 ng/mL) or 261 

supra-physiological (50-50 ng/mL) concentrations of M-CSF and RANKL. As seen on Figures 262 

5B and 5C in both conditions, the number of eGFP-positive cells significantly increased in the 263 

pregnenolone-treated cultures compared to the vehicle-treated ones. Further, there was a 264 

statistically significant increase in the number of nuclei within individual osteoclasts treated 265 

with pregnenolone compared to vehicle treated cultures (Figure 5D). Real-time monitoring of 266 

osteoclast fusion in the presence or absence of pregnenolone confirmed that this effect takes 267 

places in less than 24 hours (Figure 5E). These results indicate that tumor-derived preg-268 

nenolone promotes the development of osteoclasts by increasing the fusion of their precursors. 269 

 270 

Pregnenolone promotes osteoclast fusion via P4HB 271 

Next, we were interested in the mode of action of pregnenolone on osteoclasts at the 272 

molecular level. Recently, a proteome-wide spectrum of pregnenolone-binding proteins have 273 

been identified in an approach integrating chemical biology for probe synthesis with 274 

chemoproteomics23. Among pregnenolone interaction partners identified in this study and 275 

correlated with literature survey, we recognized Prolyl 4-Hydroxylase Subunit Beta (P4HB, 276 

also known as protein disulfide isomerase, PDI), an endoplasmic reticulum-resident enzyme 277 

that catalyzes posttranslational disulfide bond formation and serves as a chaperone during 278 

protein folding. Since P4HB has also been implicated in macrophage migration24, and the 279 

expression of P4HB was strongly upregulated during osteoclast differentiation (Supplementary 280 

Figure S4A), we first tested the effect of pregnenolone on osteoclast precursor migration. As 281 

shown on Figures 6A and 6B pregnenolone strongly promoted the migration of bone marrow-282 

derived pre-osteoclasts. However, quercetin-3-rutinoside, an inhibitor of P4HB25-28 blocked 283 
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this effect of pregnenolone on pre-osteoclast migration in a wound healing assay (Figures 6A-284 

B). Further, transwell migration of pre-osteoclast cells was also significantly enhanced by 285 

pregnenolone and strongly inhibited by quercetin-3-rutinoside (Figure 6C). Next, suppressing 286 

P4HB activity by using an shRNA technique in bone marrow precursor-derived osteoclasts 287 

grown in the presence of pregnenolone, strongly suppressed osteoclastogenesis in vitro 288 

(Figures 6D and Supplementary Figures S4B-C). The last question remained how P4HB, a 289 

protein disulfide isomerase localized in the endoplasmic reticulum could regulate osteoclast 290 

fusion in a pregnenolone dependent manner. To answer this question, we first compared the 291 

mRNA expression of osteoclast master fusogens Tm7sf4 (encoding DC-STAMP) and Ocstamp 292 

(encoding OC-STAMP) in pre-osteoclasts upon M-CSF, RANKL and pregnenolone 293 

stimulation, but we couldn’t detect any significant difference in the expression of the two genes 294 

(Figure 6E), which is in line with our previous observations, that pregnenolone alone cannot 295 

induce osteoclast-specific gene expression (Figure 5A). However, when measuring the surface 296 

expression of OC-STAMP on pre-osteoclast by flow cytometry, we detected a strong increase 297 

upon pregnenolone stimulation compared to RANKL, which was almost completely abrogated 298 

by the inhibition of P4HB with quercetin-3-rutinoside (Figure 6F). Accordingly, we believe, 299 

that P4HB is able to regulate the posttranslational protein levels and surface expression of 300 

master fusogen OC-STAMP in osteoclast precursors and pregnenolone stimulates it. To test 301 

the role of P4HB in osteoclasts in vivo, 10 mg/kg quercetin-3-rutinoside were administered 302 

orally to the mice injected with E0771/Bone cells into the caudal artery. Importantly, P4HB 303 

inhibitor quercetin-3-rutinoside significantly inhibited bone metastasis formation in the 304 

animals (Supplementary Figure S4D). Further, intravenous injections of wild-type (WT) 305 

osteoclast precursors into Rank–/– neonates at postnatal days 5, 7 and 9, resulted in partial rescue 306 

of long-bone development assessed by micro-CT scans using the method described by Jacome-307 

Galarza et al.29, while P4hb–/– precursors were not able to rescue bone development in Rank–/– 308 

infants (Supplementary Figure S4E). Abrogation of P4HB activity abolished the capacity of 309 

the transfused osteoclast precursors to decrease bone volume/tissue volume (BV/TV) ratio and 310 

increase osteoclast numbers in the histological sections of the femurs of the animals 311 

(Supplementary Figures S4F). Collectively, these data suggest that P4HB plays an important 312 

role in osteoclasts in vivo and administration of WT but not P4hb–/– osteoclast precursors can 313 

rescue bone development in Rank–/– mice, however future experiments are required to better 314 

understand the role of P4HB in in vivo bone homeostasis, e.g., by using P4hb–/– mice30. 315 
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Taken together, we implicated P4HB in osteoclasts as a potential interaction partner of 316 

tumor cell-derived pregnenolone, and found for the first time that this molecule can drive pre-317 

osteoclast cell migration and fusion as well as in vitro and in vivo development of osteoclasts. 318 

 319 

Pregnenolone promotes human osteoclastogenesis and it is secreted by human tumor cells 320 

Finally, we were interested whether the same mechanism works in human bone tumors. 321 

To test whether pregnenolone can promote not only murine, but also human osteoclastogenesis, 322 

peripheral blood mononuclear cells of healthy volunteers were differentiated into osteoclasts 323 

in the presence of pregnenolone or vehicle after pretreatment with M-CSF and RANKL. As 324 

shown on Figures 7A-C, pregnenolone dose-dependently increased the number and size of 325 

osteoclasts compared to the control. Moreover, we were able to detect pregnenolone secreted 326 

in the nanomolar concentration range in the supernatants of highly bone metastatic A375 and 327 

MDA-MB-435S melanoma, A549, NCI-H1299 and NCI-H460 lung, MCF-7 and MDA-MB-328 

231 breast, DU145, LNCaP and PC-3 prostate cancer cells but not in the supernatants of non-329 

metastatic or low bone metastatic Hs895.T and SK-MEL-28 melanoma, BEAS-2B, NCI-H128 330 

and NCI-H2126 lung, HCC70 and MCF-10A breast, MDA-PCa-2b, RWPE-1 and LASCPC-331 

01 prostate cell lines (Figure 7D). These results indicate, that osteotropic human cancer cell 332 

lines can also produce pregnenolone, which promotes not only murine, but human 333 

osteoclastogenesis as well. Further, in a cohort of 2976 people with breast cancer31, higher 334 

expression of Cyp11a1 was found to be associated with worst prognosis (Figure 7E), however 335 

future studies are required to better understand the role of CYP11A1 in human bone tumors. 336 

 337 

DISCUSSION 338 

Osteolytic bone metastasis formation is a multistep process, which requires complex 339 

interplay between tumor cells and osteoclasts, and it is regulated by microenvironmental 340 

factors32. Here, we describe a potential regulator of osteoclastogenesis secreted by solid cancer 341 

cells. Based on our results, de novo production of the steroid pregnenolone by tumor cells in a 342 

CYP11A1 enzyme-dependent manner drives osteoclastogenesis and osteolytic skeletal lesion 343 

formation (Figure 1). CRISPR/Cas9-mediated deletion of the gene encoding CYP11A1 in the 344 

tumor cells protects mice from bone metastases (Figure 2) and cancer cell-induced, osteoclast-345 

mediated osteolysis (Figure 3). Further, administration of pregnenolone promotes the 346 

development and function of osteoclasts in vitro (Figure 4). Sun et al. recently reported that 347 

high levels of pregnenolone in the µM concentration range can exert an inhibitory effect on 348 

osteoclastogenesis33, which is in line with our own observations (Figure 4). However, we 349 
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believe that tumor-derived steroids do not reach such high concentration within the tumor 350 

microenvironment to induce the apoptosis of osteoclast-lineage cells. Instead, we think that 351 

pregnenolone secreted in the nM concentration range by the osteotropic tumor cells strongly 352 

promotes osteoclast development and function (Figure 4). 353 

Next, we investigated the mechanism of action of pregnenolone on osteoclasts. The 354 

potential mechanism of how tumor-derived pregnenolone promotes osteoclastogenesis is likely 355 

via the enhancement of the osteoclast fusion machinery (Figure 5). As the early steps of 356 

intercellular fusion occurs, osteoclast precursors migrate towards each other. During this 357 

process, P4HB, a molecule known to interact with pregnenolone23, can drive pre-osteoclast cell 358 

migration based on our results (Figure 6). Moreover, we also found that pregnenolone via 359 

P4HB is capable of regulating the surface expression of OC-STAMP, a molecule critical for 360 

osteoclast fusion (Figure 6). Interestingly, a recent integrated proteomics and network analysis 361 

study implicated P4HB as a candidate gene involved in osteoporosis34, another disease 362 

characterized by excessive osteoclast activity. Further, there could be more interaction partners 363 

of pregnenolone in osteoclasts. Part of the identified pregnenolone interactome in the 364 

chemoproteomics assay is related to steroid transport across the cell23. Voltage-dependent 365 

anion channels, VDAC1-3 are important regulators of metabolite exchange between 366 

mitochondria and the rest of the cell. All three VDACs were retrieved in the study by Roy et 367 

al.23, and based on our results (Supplementary Figures S4A) and a recent paper35, an anti-368 

VDAC1 antibody can abrogate osteoclastogenesis and osteoclast-mediated bone resorption as 369 

well (Supplementary Figures S4G-I). Finally, we demonstrated, that osteotropic human cancer 370 

cell lines can also produce pregnenolone, which promotes not only murine, but also human 371 

osteoclastogenesis and disease progression in patients with breast cancer (Figure 7). 372 

Receptor activator of NF-κB ligand (RANKL) is essential for the induction of 373 

osteoclastogenesis in humans and mice36. Loss or mutation of RANKL or its receptor on 374 

osteoclasts, RANK, results in osteopetrosis in both species because of a complete lack of 375 

osteoclasts37. Further, it has also been described that certain tumor cells can express RANKL 376 

themselves to promote osteoclast development and function38-40. However, up to date, no other 377 

molecule has been proven capable of inducing osteoclast development independently of 378 

RANKL41. Recent studies identified certain tumor cell-derived soluble factors as potential 379 

regulators of osteoclastogenesis, but they failed to induce osteoclast differentiation and 380 

osteolytic bone metastasis formation in further experiments42. While other factors were also 381 

implicated to be able to induce RANKL-independent osteoclast differentiation, they might not 382 

be able to promote osteoclastogenesis alone and substitute for RANK ligand completely41.  383 
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Accordingly, we believe that tumor-derived pregnenolone promotes osteoclastogenesis 384 

synergistically in combination with RANKL and M-CSF. Besides producing pregnenolone, 385 

cancer cells can secrete both M-CSF and PTHrP - which in turn increases RANKL expression 386 

on osteoblasts - and together with pregnenolone they stimulate osteoclast development and 387 

fusion via P4HB (Graphical abstract). 388 

Taken together, our results demonstrate, that Cyp11a1-expressing malignant tumors 389 

produce the steroid pregnenolone de novo, which is capable of driving the development of bone 390 

metastases by promoting osteoclastogenesis. In addition to its role outside the adrenals, gonads 391 

and placenta, CYP11A1-driven extraglandular steroidogenesis has recently been implicated 392 

within the non-transformed tumor microenvironment, where cancer cells can subvert immune 393 

cell function to evade immune responses18-21. Accordingly, pharmacological interference with 394 

local steroidogenesis in osteolytic skeletal lesions, may result in parallel inhibition of pro-395 

tumorigenic immune cell subsets and bone-resorbing osteoclasts. In a broader context, better 396 

understanding of the molecular and cellular mechanisms of local steroidogenesis within 397 

malignant tumors, may drive the development of novel therapeutic interventions for patients 398 

with metastatic disease. 399 

 400 

LIMITATIONS OF THE STUDY 401 

There may be potential limitations of this study. The generation of CRISPR/Cas9-engineerd 402 

cell lines may result in undesired phenotypes caused by potential off-target genetic alterations. 403 

Further application of the generated cell lines will require comprehensive DNA sequencing to 404 

avoid introducing unintended DNA changes that could result in oncogenic transformation or 405 

off-target phenotypes. Future work is also required to better understand the role of CYP11A1 406 

and P4HB in human bone tumors and during physiological and pathological bone remodeling. 407 
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MAIN FIGURE TITLES AND LEGENDS 438 

Figure 1 439 

CYP11A1 catalyzes de novo steroidogenesis in osteotropic tumor cells 440 

A-B) Representative images (A) and quantification (B) of TRAP-stained cell cultures (top panel) of, and 441 

resorption on artificial hydroxyapatite surface (bottom panel) by wild type mouse bone marrow-derived 442 

macrophages cultured for 3 days in the presence of 20 ng/ml M-CSF with or without 20 ng/ml RANKL or 443 

in the supernatants of E0771/Pa or E0771/Bone cells. Scale bars represent 100 µm. C) Heatmaps of 444 

significantly up- (red) and downregulated (blue) genes in E0771/Bone cells compared to E0771/Pa cells 445 

identified by RNA sequencing, followed by moderated t-test and Benjamini-Hochberg fals discovery rate. 446 

D) List of group of genes upregulated in E0771/Bone cells compared to E0771/Pa cells identified by gene 447 

ontology and pathway enrichment analysis. E) Analysis of gene expression of Cyp11a1 in E0771/Pa vs. 448 

E0771/Bone cells. F) Schematic representation of the role of CYP11A1 within the mitochondria of the cells. 449 

Image was created in BioRender (www.biorender.com). G) Levels of pregnenolone in the supernatants of 450 

E0771/Pa, E0771/Bone, and B16F10 cells measured by Liquid Chromatography-tandem Mass Spectrometry 451 

(LC-MS/MS). Bar graphs show mean and SD of data from 3 independent experiments. 452 

 453 

Figure 2 454 

CYP11A1 in osteotropic tumor cells drives bone metastasis formation 455 

A-F) Representative images (A, C, E) and quantification (B, D, F) of primary tumor growth, lung metastasis 456 

and bone metastasis formation by wild-type (WT) and CRISPR/Cas9-enginered Cyp11a1–/– B16F10 cells 457 

injected intradermally (A, B), into the tail vein (C, D) or into the caudal artery (E, F) of C57Bl/6 mice. Data 458 

were obtained from 6 mice per group. Error bars represent SEM. *, p < 0.05; n.s., not significant. 459 

 460 

Figure 3  461 

Genetic deficiency of CYP11A1 in tumors protects mice from osteoclast-mediated osteolyis 462 

A) Representative 3D reconstitution of an axial cylinder of the trabecular area of the distal femoral 463 

metaphysis of 8-10-week-old C57Bl/6 mice injected into the caudal artery with wild-type (WT) and 464 

Cyp11a1–/– B16F10 cells. B) Quantitative micro-CT analysis of the trabecular bone architecture of WT and 465 

Cyp11a1–/– B16F10 cell-injected mice. BV/TV, percent bone volume (bone volume/total volume). C-D) 466 

Representative images (C) of the trabecular area of WT and Cyp11a1–/– B16F10 tumor cell-injected mice. 467 

Insets (D) show enlarged view of TRAP-stained sections with osteoclasts (arrows) and resorption pits 468 

(arrowheads). Scale bars represent 100 (C) and 20 µm (D). E) Histomorphometric analysis of the trabecular 469 

bone architecture and the number of osteoclasts (OC) per bone perimeter. F-G) Levels of C-terminal 470 

telopetide (CTx) (F) and osteocalcin (G) in the sera of WT and Cyp11a1–/– B16F10 tumor cell-injected mice. 471 

Data were obtained from 6 mice per group. Error bars represent SEM. *, p < 0.05; **, p < 0.01; ****, p < 472 

0.0004; n.s.: not significant. 473 

 474 

Figure 4 475 

http://www.biorender.com/
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Pregnenolone promotes osteoclast development and function in vitro 476 

A-B) Representative images (A) and quantification (B) of TRAP-stained cell cultures of wild-type mouse 477 

bone marrow-derived macrophages cultured in the presence of 20 ng/ml M-CSF and 20 ng/ml RANKL or 478 

in the supernatants of E0771/Bone, B16F10 WT or Cyp11a1–/– cells. Scale bars represent 100 µm. C-F) 479 

Representative images (C) and quantification (D-F) of TRAP-stained cell cultures (C, D) of, in vitro 480 

resorption on bovine bone slices (C, E), and actin ring formation (C, F) by wild-type mouse bone marrow-481 

derived macrophages cultured for 2 days in the presence of 20 ng/ml M-CSF and 20 ng/ml RANKL and then 482 

for 3 (C, D, F) or 11 (C, E) days in the presence of vehicle or the indicated concentration of pregnenolone. 483 

Osteoclast are defined as TRAP-positive cells with 3 or more nuclei. Scale bars represent 100 (TRAP 484 

staining and actin ring formation) and 50 µm (bone resorption). G) Quantification of the percentage of 485 

surviving cells detected after the binding of Annexin-V-PE (apoptosis) and 7-AAD (necrosis) markers to 486 

wild-type bone marrow-derived macrophages cultured for 2 days in the presence of 20 ng/ml M-CSF and 20 487 

ng/ml RANKL and then for another 3 days with vehicle or the indicated concentration of pregnenolone. 488 

Surviving cells are defined as negative for both Annexin-V-PE and 7-AAD staining. Bar graphs represent 489 

mean and SD of data from 3-6 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.002; ****, p 490 

< 0.0004; n.s., not significant. 491 

 492 

Figure 5 493 

Pregnenolone drives the fusion of osteoclasts, but it is dispensable for osteoclast-specific gene expression 494 

A) Gene expression in wild type mouse bone marrow-derived progenitors cultured for 2 days in the presence 495 

of 20-20 ng/ml M-CSF and RANKL (osteoclasts) or M-CSF (macrophages) or pregenolone alone and then 496 

in the indicated concentrations of pregnenolone or vehicle for 3 days. The expression of the Nfatc1, Acp5, 497 

Calcr, Itgb3, Tm7sf4 and Ctsk genes (encoding for NFATc1, TRAP, calcitonin receptor, integrin β3, DC-498 

STAMP and cathepsin K, respectively) were determined by quantitative RT-PCR. B-C) Representative 499 

images (B) and quantification of the number of GFP+ cells (C) generated by co-culturing bone marrow-cells 500 

from Ctsk-Cre and mTmG transgenic mice in the presence of 20 or 50 ng/ml M-CSF and 20 or 50 ng/mL 501 

RANKL for 2 days and then in the presence of vehicle or 200 nM pregnenolone for another 3 days. Scale 502 

bars represent 100 µm. D) Analysis of the number of nuclei in vehicle or 200 nM pregnenolone-treated 503 

mouse bone marrow-derived osteoclast cultures. E) Representative real-time images of Ctsk-Cre and mTmG 504 

bone marrow cells co-cultured in the presence of 20 ng/mL M-CSF and 20 ng/mL RANKL for 2 days and 505 

then in the presence of vehicle or 200 nM pregnenolone (P5) for the indicated time. Red color represents 506 

mononuclear cells; green fluorescence indicates fused osteoclasts. Scale bars represent 50 µm. Data are from 507 

3-6 independent experiments with error bars representing SD. *, p < 0.05; **, p < 0.01; n.s., not significant. 508 

 509 

Figure 6 510 

Pregnenolone promotes the migration and fusion of osteoclast precursors via P4HB 511 

A, B) Representative images (A) and quantification (B) of wound closure by wild type mouse bone marrow-512 

derived progenitors cultured in the presence of 20 ng/mL M-CSF and 20 ng/mL RANKL with or without 513 
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200 nM pregnenolone and with or without 3 μM quercetin-3-rutinoside for 24 hours. Scale bars represent 75 514 

µm. C) Quantification of transwell migration by pre-osteoclasts cultured in the presence of 20 ng/mL M-515 

CSF and 20 ng/mL RANKL with or without 200 nM pregnenolone and with or without 3 μM quercetin-3-516 

rutinoside. D) Representative images and quantification of TRAP-stained cell cultures of wild type mouse 517 

bone marrow-derived macrophages cultured in the presence of 200 nM pregnenolone with control (mock, 518 

left panel) or P4HB shRNA lentiviral particles (right panel). Scale bars represent 100 µm. E) Gene 519 

expression of Tm7sf4 and Ocstamp genes (encoding for DC-STAMP and OC-STAMP, respectively) in wild 520 

type mouse bone marrow-derived progenitors cultured for 2 days in the presence of 20-20 ng/ml M-CSF and 521 

RANKL with or without the indicated concentration of pregnenolone for 3 days. F) Representative 522 

histograms of the binding of α-OC-STAMP antibody to WT bone marrow cells cultured for 2 days in the 523 

presence of 20 ng/ml M-CSF and RANKL with or without 200 nM pregnenolone and/or 3 μM quercetin-3-524 

rutinoside. Bar graphs show mean and SD of data from 3 experiments. *, p < 0.05; n.s., not significant. 525 

 526 

Figure 7 527 

Pregnenolone promotes human osteoclastogenesis and it is secreted by human tumor cells 528 

A-C) Representative images (A) and quantification (B, C) of TRAP-stained cell cultures of human blood 529 

mononuclear cell-derived osteoclasts cultured for 2 days in the presence of 20 ng/ml recombinant human M-530 

CSF and 20 ng/ml soluble human RANKL and then in the presence of the indicated concentration of 531 

pregnenolone or vehicle for 12 days. Scale bars represent 100 µm. D) Levels of pregnenolone in the 532 

supernatants of A375, MDA-MB-435S, A549, NCI-H1299, NCI-H460, MCF-7, MDA-MB-231, DU145, 533 

LNCaP, PC-3, Hs895.T, SK-MEL-28, BEAS-2B, NCI-H128, NCI-H2126, HCC70, MCF-10A, MDA-PCa-534 

2b, RWPE-1, LASCPC-01 cells measured by ELISA. E) Kaplan-Meier curve of breast-cancer specific 535 

survival for 2976 patients with high or low expression of Cyp11a1 in the primary tumor. Bar graphs show 536 

mean and SD of data from 3 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.002; n.s., not 537 

significant. 538 

  539 
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STAR METHODS 540 

 541 

KEY RESOURCES TABLE: 542 

 543 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

CYP11A1 antibody Abcam Cat# ab175408 

P4HB antibody Abcam Cat# ab2792 

VDAC1/Porin antibody Santa Cruz BioTech. Cat# sc-58649 

mouse monoclonal IgG2b antibody Santa Cruz BioTech. Cat# sc-3879 

FITC-labeled anti-OC-STAMP-mAb Novus Biologicals Cat# NBP1-78156 

β-actin antibody Merck/Sigma Cat# clone AC-74 

HRP-labeled anti-rabbit IgG antibody GE Healthcare Cat# RPN4301 

HRP-labeled anti-mouse IgG antibody GE Healthcare Cat# NA931 

Bacterial and virus strains   

P4HB shRNA lentiviral particles Santa Cruz BioTech. Cat# sc-36202 

Biological samples   

BMDM from mouse bone marrow This paper N/A 

mice tumor tissues This paper N/A 

human blood-derived monocytes Semmelweis University N/A 

Chemicals, peptides, and recombinant proteins   

recombinant murine M-CSF  PeproTech Cat# 315-02 

recombinant murine soluble RANKL PeproTech Cat# 315-11 

recombinant human M-CSF PeproTech Cat# 300-25 

recombinant human soluble RANKL PeproTech Cat# 310-01 

pregnenolone Merck/Sigma Cat# P-104 

aminogluthetimide Merck/Sigma Cat# A0496000 

quercetin-3-rutinoside Merck/Sigma Cat# PHL83535 

Lipofectamine 3000 Thermo-Fisher Scientific Cat# L3000015 

OSTEOSOFT Merck/Sigma Cat# 101728 

7-amino-actinomycin BD Pharmingen Cat# 559925 

DAPI Invitrogen Cat# D1306 

FBS Gibco Cat# 26140079 

PMSF Merck/Sigma Cat# PMSF-RO 

aprotinin Merck/Sigma Cat# ROAPRO 

phosphatase inhibitor cocktail 1 Merck/Sigma Cat# P8340 

phosphatase inhibitor cocktail 2 Merck/Sigma Cat# P5726 

DMSO Merck/Sigma Cat# 5.89569 

sodium-orthovanadate Merck/Sigma Cat# 567540-5GM 

ECL GE Healthcare Cat# 28980926 

trypsin-EDTA Merck/Sigma Cat# T4049 

puromycin Thermo-Fisher Scientific Cat# AAJ67236XF 

G418 Thermo-Fisher Scientific Cat# 10131035 

Ficoll-Paque GE Healthcare Cat# 17-1440-03 

Dulbecco's Modified Eagle Medium (DMEM) Thermo-Fisher Scientific Cat# 11965084 

α-Minimum Essential Medium Eagle (αMEM) Thermo-Fisher Scientific Cat# 12571063 

Bone slices Immunodiagnostic Syst. Cat# DT-1BON1000-96 

BioCoat Osteologic slides BD Pharmingen Cat# 2267 



 

19 

Critical commercial assays   

TRAP staining kit Merck/Sigma Cat# 387A 

PE Annexin V Apoptosis Detection Kit BD Pharmingen Cat# AB_2869265 

NEBNext Ultra II RNA Library Preparation Kit New England Biolabs Cat# E7770 

NextSeq500/550 High Output Kit Illumina Cat# 20024906 

Taqman assay for the mouse Cyp11a1 Thermo-Fisher Scientific Mm00490735_m1 

Taqman assay for the mouse Cyp17a1 Thermo-Fisher Scientific Mm00484040_m1 

Taqman assay for the mouse Hsd3b Thermo-Fisher Scientific Mm01261390_m1 

Taqman assay for the mouse Nfatc1 Thermo-Fisher Scientific Mm01265944_m1 

Taqman assay for the mouse Acp5 Thermo-Fisher Scientific Mm00475698_m1 

Taqman assay for the mouse Itgb3 Thermo-Fisher Scientific Mm00443980_m1 

Taqman assay for the mouse Calcr Thermo-Fisher Scientific Mm00432282_m1 

Taqman assay for the mouse Tm7sf4 Thermo-Fisher Scientific Mm04209236_m1 

Taqman assay for the mouse C20orf123 Thermo-Fisher Scientific Mm00512445_m1 

Taqman assay for the mouse Ctsk,  Thermo-Fisher Scientific Mm00484039_m1 

Taqman assay for the mouse P4hb Thermo-Fisher Scientific Mm01243188_m1 

Taqman assay for the mouse Vdac1 Thermo-Fisher Scientific Mm00834272_m1 

Mouse Competitive ELISA Kit for pregnenolone Elabscience Biotech. Cat# E-EL-0086 

Mouse Competitive ELISA Kit for aldosterone Elabscience Biotech. Cat# E-EL-0070 

Mouse Competitive ELISA Kit for corticosterone Elabscience Biotech. Cat# E-EL-0161 

Mouse Competitive ELISA Kit for estradiol Elabscience Biotech. Cat# E-EL-0150 

Mouse Competitive ELISA Kit for progesterone Elabscience Biotech. Cat# E-EL-0154 

Mouse Competitive ELISA Kit DHEA Elabscience Biotech. Cat# E-EL-0115 

Mouse Competitive ELISA Kit dihydrotestosterone Elabscience Biotech. Cat# E-EL-0031 

Mouse Competitive ELISA Kit testosterone Elabscience Biotech. Cat# E-EL-0155 

Mouse Competitive ELISA Kit M-CSF Elabscience Biotech. Cat# E-EL-M2445 

Mouse Competitive ELISA Kit RANKL Elabscience Biotech. Cat# E-EL-M0644 

Deposited data   

RNA sequencing data NCBI BioProject  PRJNA887432 

Experimental models: Cell lines   

E0771 ATCC Cat# CRL-3461 

TRAMP-C1 ATCC Cat# CRL-2730 

E0771/Bone Toru Hiraga N/A 

B16F10 ATCC Cat# CRL-6475 

LLC Klaus Okkenhaug N/A 

MC38 Klaus Okkenhaug N/A 

A375 ATCC Cat# CRL-1619 

MDA-MB-435S ATCC Cat# HTB-129 

A549 ATCC Cat# CRM-CCL-185 

NCI-H1299 ATCC Cat# CRL-5803 

NCI-H460 ATCC Cat# HTB-177 

DU145 ATCC Cat# HTB-81 

LNCaP ATCC Cat# CRL-1740 

PC-3 ATCC Cat# CRL-1435 

Hs895.T ATCC Cat# CRL-7637 

SK-MEL-28 ATCC Cat# HTB-72 

BEAS-2B ATCC Cat# CRL-3588 

NCI-H2126 ATCC Cat# CCL-256 
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NCI-H128 ATCC Cat# HTB-120 

HCC70 ATCC Cat# CRL-2315 

MCF-10A ATCC Cat# CRL-10317 

MDA-PCa-2b ATCC Cat# CRL-2422 

LASCPC-01 ATCC Cat# CRL-3356 

RWPE-1 ATCC Cat# CRL-3607 

MCF-7 ATCC Cat# HTB-22 

MDA-MB-231 ATCC Cat# CRM-HTB-26 

Experimental models: Organisms/strains   

C57Bl/6 mice Jackson Laboratory RRID:IMSR_JAX:000664 

Lifeact-eGFP mouse strain Michael Sixt N/A 

CtskTM 1(cre)Ska mouse strain Shigeaki Kato N/A 

Gt(ROSA)26SorTM 4(ACTB–tdTomato,–EGFP)Luo 

mouse strain 

Jackson Laboratory RRID:IMSR_JAX:007676 

Tnfrsf11atm1.1Pngr mouse strain Josef Penninger N/A 

Oligonucleotides   

gRNA1 for pSpCas9-Cyp11a1 

CACCTACGGACTTGCTAGGCTCTCT 

This paper N/A 

gRNA2 for pSpCas9-Cyp11a1 

CAAGGTAAAAGGGTGAACGCTGGCT 

This paper N/A 

gRNA3 for pSpCas9-Cyp11a1 

CACCAACGAGTTGGGTCAAACTTGT 

This paper N/A 

 

gRNA for lentiCRISPRv2-P4hb 

5′-AAGCAACTTCGCGGAGGCGC-3′ 

This paper N/A 

 

Recombinant DNA   

pSpCas9 vector (PX459) Ran et al. Nat Protoc. 2013. Addgene, Cat# 62988 

pcDNA3.1 vector pcDNA3.1 was a gift from 

Bertrand Collet 

Addgene, Cat# 200458 

lentiCRISPRv2 Sanjana et al. Nat Methods. 

2014. 

Addgene, Cat# 52961 

psPAX2 psPAX2 was a gift from 

Didier Trono 

Addgene, Cat# 12260 

pMD2.G pMD2.G was a gift from 

Didier Trono 

Addgene, Cat# 12259 

Software and algorithms   

Leica Application Suite X software Leica Microsystems https://www.leica-

microsystems.com 

SkyScan CT-Analyser software Bruker https://www.bruker.co

m 

StrandNGS software StrandNGS www.strand-ngs.com 

Real-time PCR Bio-Rad CFX384 

ImageJ/Fiji software NIH, Bethesda https://imagej.nih.gov/i

j/index.html 

FlowJo v10 FlowJo software https://www.flowjo.co

m/solutions/flowjo 

Microsoft Excel 2016 Microsoft https://www.microsoft.

com 
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 544 

RESOURCE AVAILABILITY 545 

Lead contact 546 

Further information and requests for resources and reagents should be directed to and 547 

will be fulfilled by the Lead Contact, Dr. David S. Gyori (gyori.david@semmelweis.hu). 548 

 549 

Materials availability 550 

All unique/stable reagents generated in this study are available from the lead contact 551 

with a completed Materials Transfer Agreement. 552 

 553 

Data and code availability 554 

• All original data reported in this paper are available from the lead contact upon 555 

request. 556 

• All raw RNA sequencing data from this study have been submitted to the NCBI 557 

BioProject database (https://www.ncbi.nlm.nih.gov/bioproject) under accession 558 

number PRJNA887432. 559 

• Any additional information required to reanalyze the data reported in this paper 560 

is available from the lead contact upon request. 561 

 562 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 563 

Clinical samples 564 

Experiments on human cells were approved by the Semmelweis University Regional 565 

and Institutional Committee of Science and Research Ethics and informed consent was 566 

obtained from all subjects. Human osteoclasts were differentiated from peripheral blood 567 

mononuclear cells of healthy volunteers obtained by dextran sedimentation and Ficoll-Paque 568 

gradient centrifugation. Mononuclear cells were washed and plated onto 24-well tissue culture 569 

plates or bovine bone slices and cultured in the presence of 20 ng/mL recombinant human M-570 

CSF and 20 ng/mL soluble human RANKL for 2 days, and then in the indicated concentration 571 

of pregnenolone or vehicle for 12 days with media changes every 2 days. 572 

 573 

Animals 574 

All animal experiments were approved by the Animal Experimentation Review Board 575 

of Semmelweis University. C57Bl/6 mice were purchased from Charles River Laboratories. 576 

Transgenic mice ubiquitously expressing Lifeact-eGFP43 were provided by Michael Sixt 577 

mailto:gyori.david@semmelweis.hu
https://www.ncbi.nlm.nih.gov/bioproject
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(Institute of Science and Technology, Klosterneuburg, Austria) and maintained in a 578 

homozygous form. Mice carrying the CtskTM 1(cre)Ska (referred to as Ctsk-Cre) knock-in allele44 579 

were obtained from Shigeaki Kato (University of Tokyo) and were maintained in heterozygous 580 

form. Mice carrying the Gt(ROSA)26SorTM 4(ACTB–tdTomato,–EGFP)Luo (referred to as mTmG) 581 

knock-in mutation45 were obtained from the Jackson Laboratory and were maintained in 582 

homozygous form. Tnfrsf11a–/– (referred to as RANK-deficient) mice were obtained from Josef 583 

Penninger (Institute of Molecular Biotechnology, Austria) and were maintained in 584 

heterozygous form46. All mice were on the C57Bl/6 genetic background. Mice of both sexes 585 

were used and animals were between 8 and 12 weeks of age. Animals were kept in individually 586 

ventilated cages in a specific pathogen-free facility. All experiments were approved by the 587 

Animal Experimentation Review Board of Semmelweis University. 588 

 589 

Cell lines 590 

E0771/Pa breast and TRAMP-C1 prostate carcinoma cells were obtained from ATCC. 591 

E0771/Bone cells were obtained from Toru Hiraga (Matsumoto Dental University, Shiojiri, 592 

Japan)12. B16F10 malignant melanoma cell lines were obtained from ATCC. LLC Lewis lung 593 

carcinoma cells were obtained from Klaus Okkenhaug (University of Cambridge, Cambridge, 594 

United Kingdom), with permission from Matthew Kraman (F-star Biotechnology, Cambridge, 595 

United Kingdom). MC38 colon carcinoma cell line was obtained from Klaus Okkenhaug 596 

(University of Cambridge, Cambridge, United Kingdom), with permission from Mark Smyth 597 

(QIMR Berghofer, Brisbane, Australia). Human cell lines A375, MDA-MB-435S, A549, NCI-598 

H1299, NCI-H460, DU145, LNCaP, PC-3, Hs895.T, SK-MEL-28, BEAS-2B, NCI-H2126, 599 

NCI-H128, HCC70, MCF-10A, MDA-PCa-2b, LASCPC-01, RWPE-1, MCF-7 and MDA-600 

MB-231 were obtained from ATCC. 601 

 602 

METHOD DETAILS 603 

Deletion and overexpression of the genes encoding CYP11A1 and P4HB 604 

gRNA sequences directed against exon 1 of the murine Cyp11a1 gene were designed 605 

using the CHOPCHOP web tool for genome engineering47. Analysis of likely off-target genes 606 

was performed in silico. No genes directly involved in cell proliferation and differentiation 607 

were identified as off-targets. The following CRISPR guide oligonucleotides were ordered: 5′-608 

CACCTACGGACTTGCTAGGCTCTCT-3′ (forward), 5′- 609 

AGAGAGCCTAGCAAGTCCGTAGGTG-3′ (reverse), 5′- 610 

CAAGGTAAAAGGGTGAACGCTGGCT-3′ (forward), 5′-611 
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AGCCAGCGTTCACCCTTTTACCTTG-3′ (reverse), 5′- 612 

CACCAACGAGTTGGGTCAAACTTGT-3′ (forward) 5′- 613 

ACAAGTTTGACCCAACTCGTTGGTG-3′ (reverse), and subcloned into the pSpCas9 vector 614 

(PX459, Addgene). After sequence verification of the inserts, B16F10 tumor cells were 615 

transfected with the vectors using Lipofectamine 3000 (ThermoFisher Scientific) transfection 616 

reagent. Cells were subsequently selected with 5 μg/ml puromycin for 72 hours and used for 617 

single-cell clone generation. Genomic modification of single-cell clones was assessed by 618 

Western blotting and ELISA. 2 different clones (AB12-183-A1 and CK21-276-H2) were tested 619 

in vitro and implanted in in vivo experiments. 620 

For overexpression of Cyp11a1 in TRAMP-C1 cells pcDNA3.1 plasmids (Addgene) 621 

were used. Cells were transfected using Lipofectamine 3000 (ThermoFisher Scientific) as 622 

described by the manufacturer. After transfection, cells stably expressing Cyp11a1 were 623 

selected using 500 µg/ml G418 antibiotic for 4 weeks. Levels of mRNA transcripts and protein 624 

expression were monitored by RT-PCR and Western blotting. 625 

P4hb–/– cells were generated using CRISPR/Cas9 mutagenesis. The gRNA sequence 626 

targeting P4HB was designed using the CHOPCHOP web tool47, as follows: 5′-627 

AAGCAACTTCGCGGAGGCGC-3′. Then, gRNA was cloned into the lentiCRISPRv2 628 

(Addgene, 52961) vector. The constructed lentiCRISPRv2 plasmid together with the packaging 629 

plasmids, psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259) were transfected into 630 

HEK293T cells. The lentiviral particles in the supernatant were harvested and added to wild-631 

type fetal liver cells isolated from C57Bl/6 mice. Mock transduced cells (with empty vectors) 632 

were used as controls and the transfected cells were selected with blasticidin. Then, genomic 633 

DNA of the cells was isolated for sequencing, and protein was extracted for immunoblotting 634 

with anti-P4HB antibody (Abcam, ab2792). 635 

 636 

Tumor models 637 

Tumor cells were maintained in culture in DMEM containing 10% FCS (Gibco). Tumor 638 

cell supernatants were centrifuged at 3000 g for 20 mins, filtered through 0.22 pore diameter 639 

filters (Corning), and supplemented with empty αMEM medium before using it in cell culture 640 

experiments. Suspensions of tumor cells were prepared in sterile PBS, and cell counts were 641 

determined manually using Neubauer chambers. For primary tumor growth measurements, 0.5 642 

x 106 E0771/Bone or 1 x 105 B16F10 cells were administered in 100 μl PBS into the mammary 643 

fat pads or by intradermal injections in the skin of the shaved left flank of isoflurane-644 

anesthetized C57Bl/6 mice, respectively. When tumors became palpable (around day 7–10), 645 
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tumor growth was monitored by caliper measurements every 2-3 days. Tumor volume (mm3) 646 

was calculated as length x width2. Mice bearing tumors were culled at 21 days after 647 

implantation. Any mice bearing tumors that approached or exceeded the terminal size limit 648 

(10% of the weight of the mouse at the start of the study) during the course of the study were 649 

culled and excluded from the study48-49. Tumor-bearing mice were treated with 50 mg/kg 2-650 

AG orally every 2 days. For lung and bone metastasis formation, 0.5 x 106 E0771/Bone or 1 x 651 

105 B16F10 cells were administered in 100 μl PBS into the tail vein or caudal artery50 of 652 

C57Bl/6 mice, respectively. 653 

 654 

Micro-CT and histomorphometric analyses 655 

Trabecular bone structure and mineralization were tested by micro-CT analysis of the 656 

distal metaphysis of the femurs of tumor cell-injected C57Bl/6 mice as previously described51-
657 

53. Micro-CT sections were acquired using a SkyScan 1172 micro-CT apparatus (Bruker, 658 

Kontic, Belgium) with an isometric voxel size of 4.5 µm, followed by reconstitution of a three-659 

dimensional axial cylinder of 700 µm diameter expanding from 150 to 450 sections proximal 660 

to the distal growth plate, and calculation of quantitative micro-CT parameters using the 661 

SkyScan NRecon and CT-Analyser softwares51-53. 662 

Histomorphometry studies were performed on the distal metaphysis of the femurs of 663 

tumor cell-injected C57Bl/6 mice as previously described52. Bones were fixed in PBS with 4% 664 

PFA, decalcified in OSTEOSOFT (Merck/Sigma), embedded in paraffin, sectioned and stained 665 

with tartrate resistant acid phosphatase (TRAP) and hematoxylin-eosin stains (Merck/Sigma). 666 

Histomorphometric analysis was performed using a Leica DMI6000B inverted microscope 667 

according to international standards54. 668 

 669 

In vitro and in vivo mouse macrophage and osteoclast cultures and resorption assays 670 

Wild type macrophages were generated by isolating bone marrow cells from the long 671 

bones (femurs, tibias) of C57Bl/6 mice and then cultured in the presence of 20 ng/ml M-CSF. 672 

Osteoclast cultures were performed essentially as previously described51-53. Wild type, Lifeact-673 

eGFP, Ctsk-Cre or mTmG osteoclast precursor cells were cultured in the presence of 20 or 50 674 

ng/mL mouse recombinant M-CSF and 20 or 50 ng/mL soluble RANKL for 2 days and then 675 

in the presence of the indicated concentration of pregnenolone or vehicle for 3 more days. 676 

Osteoclast morphology was tested by a commercially available TRAP staining kit 677 

(Merck/Sigma) on day 5. Images were made by using a Leica DMI6000B inverted microscope 678 

and the number of osteoclasts (defined as TRAP-positive cells with 3 or more nuclei) was 679 
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counted manually. For in vitro resorption assays, osteoclasts were cultured under similar 680 

conditions for 11 more days with media changes every 2-3 days on artificial hydroxyapatite 681 

layer (BD BioCoat Osteologic slides) or on bovine cortical bone slices (Immunodiagnostic 682 

Systems), followed by toluidine blue staining and determination of the resorbed area using 683 

ImageJ software (NIH). 684 

For osteoclast-tumor cell co-culture experiments, wild type bone marrow-derived 685 

osteoclast precursors were cultured in the presence of 20 ng/mL recombinant mouse M-CSF 686 

and soluble RANKL for 2 days. Then B16F10 tumor cells were added to the cultures at a 687 

density of 5×104 cells/cm2. Osteoclast morphology (TRAP expression) and resorptive function 688 

were then determined as described above. Tumor cell supernatants were also added to the 689 

cultures after 2 days of initial recombinant M-CSF and soluble RANKL treatments. 690 

3×106 WT and P4hb–/– fetal liver cells were intravenously injected into Tnfrsf11a–/– 691 

(RANK-deficient) neonates at postnatal days 5, 7 and 9. 8 weeks later, micro-CT and 692 

histomorphometric analysis of the distal femoral metaphysis of the animals was carried out as 693 

previously described51-53. 694 

 695 

Detection of cell survival and OC-STAMP surface expression 696 

For flow cytometry analysis, pre-osteoclasts were obtained by culturing mouse bone 697 

marrow-derived macrophage precursors for 2 days in the presence of 20 ng/mL M-CSF and 20 698 

ng/mL soluble RANKL or the indicated concentration of pregnenolone with or without 699 

quercetin-3-rutinoside. Cells were suspended by 0.25% Trypsin-EDTA (Merck/Sigma), 700 

stained with Annexin-V-PE and 7-amino-actinomycin D (both from BD Pharmingen) or FITC-701 

labeled anti-OC-STAMP-mAb (NBP1-78156, Novus Biologicals) according to the 702 

manufacturer’s instructions and analyzed on a BD FACSCalibur flow cytometer52. 703 

 704 

Actin ring formation assay  705 

For the detection of acting rings, bone marrow-derived macrophage precursors obtained 706 

from wild-type or Lifeact-eGFP transgenic mice were cultured in the presence of 20 ng/mL M-707 

CSF and 20 ng/mL soluble RANKL for 2 days and then with or without the indicated 708 

concentration of pregnenolone for another 3 days. Images were taken using a Leica DMI6000B 709 

fluorescence microscope as previously described52. For detection of nuclei, cells were fixed 710 

with 4% paraformaldehyde and stained with 1:1000 DAPI (Invitrogen). 711 

 712 

In vitro osteoclast fusion assay 713 
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For the detection of osteoclast fusion, Ctsk-Cre and mTmG bone marrow cells were co-714 

cultured in the presence of 20 or 50 ng/mL mouse M-CSF and 20 or 50 ng/mL mouse soluble 715 

RANKL for 2 days and then with 200 nM pregnenolone or vehicle for another 3 days. For real-716 

time time-lapse video microscopy, cell cultures were incubated with 5% CO2–95% air gas 717 

mixture, humidity and a constant temperature of 37°C as previously described22. Images were 718 

taken using a Leica DMI6000B fluorescence microscope every 60 mins. Real-time images and 719 

videos were processed using ImageJ/Fiji. 720 

 721 

RNA sequencing and quantitative PCR 722 

Total RNA from E0771/Pa and E0771/Bone cells were converted into RNA-Seq 723 

libraries with the NEBNext Ultra II RNA Library Preparation Kit (New England Biolabs, 724 

Ipswich, MA, USA). Sequencing was performed on Illumina NextSeq500 instrument using the 725 

NextSeq500/550 High Output Kit v2.5 (75 cycles) as previously described55. Hisat2 algorithm 726 

was used for alignment and raw sequencing reads were mapped to the Mm10 mouse reference 727 

genome and BAM files were generated. Downstream analysis was performed using StrandNGS 728 

software (www.strand-ngs.com). BAM files were imported into the software DESeq algorithm 729 

was used for normalization. Moderated T-test was used for determine differentially expressed 730 

genes, p values were corrected by the method of Benjamini and Hochberg false discovery rate 731 

to take multiple testing into account. Gene ontology and pathway enrichment analysis was 732 

performed essentially as described before55. 733 

To detect gene expression changes with qPCR, tumor cells were cultured in DMEM 734 

with 10% FBS or mouse bone marrow progenitors were cultured for 2 days in the presence of 735 

20 ng/mL M-CSF with or without soluble RANKL and then for 3 days in the presence of the 736 

indicated concentration of pregnenolone or vehicle, followed by RNA extraction and reverse 737 

transcription as previously described51, 52. Quantitative PCR was then performed using Taqman 738 

assays for the mouse Cyp11a1, Cyp17a1, Hsd3b, Nfatc1, Acp5, Itgb3, Calcr, Tm7sf4, Ocstamp, 739 

Ctsk, P4hb, Vdac1 genes and transcript levels relative to Gapdh were calculated using the 740 

comparative Ct method. 741 

 742 

In vitro wound healing and migration assays 743 

For wound healing assays, wild-type bone marrow-derived osteoclast precursors were 744 

grown in the presence of 20 ng/mL mouse M-CSF and RANKL to reach 90-95% confluence. 745 

Then, the monolayer of cells was scraped with a standard 200 μL sterile micropipette tip to 746 

create a denuded gap of constant width. The cells were subsequently exposed to 20 ng/mL 747 

http://www.strand-ngs.com/
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mouse M-CSF and RANKL with or without pregnenolone for 24 hours and imaged every 8 748 

hours under constant conditions (5% CO2–95% air gas mixture, humidity and temperature of 749 

37°C) using a Leica DMI6000B microscope. 750 

For in vitro migration experiments, Transwell inserts with a polycarbonate membrane 751 

with 5 μm pore size (Corning) were pre-coated with fibrinogen as previously described56 and 752 

filled with pre-osteoclast cell suspensions. The inserts were placed into 24-well plates filled 753 

with the indicated concentrations of mouse recombinant M-CSF and soluble RANKL with or 754 

without pregnenolone. After 60 min, the plates were spun, the inserts were removed, and the 755 

number of pre-osteoclasts in the bottom of the wells was determined56. 756 

 757 

Steroid measurement by Liquid Chromatography Mass Spectrometry (LC-MS/MS) 758 

Liquid chromatography and mass spectrometry steroid measurements were carried out 759 

essentially as described before57. Samples (100 L) of each cell supernantant sample was 760 

enriched with isotopically labelled internal standards, including 13C2,d2-pregnenolone (1 ng) 761 

and extracted along with a mixed steroid calibration curve, including pregnenolone (0.005 – 1 762 

ng) through supported liquid extraction plates on an Extrahera liquid handling robot (Biotage, 763 

Uppsala, Sweden) using dichloromethane/isopropanol (98:2 v/v), reduced to dryness under 764 

nitrogen and resuspension in water/methanol (80 L; 70:30 v/v water/methanol) followed by 765 

LC-MS/MS analysis of the extract. Briefly, an I-Class UPLC (Waters, UK) was used for the 766 

liquid chromatography on a Kinetex C18 column (150 x 2.1 mm; 2.6 m) with a flow rate of 767 

0.3 mL/min and a mobile phase system of water with 0.05 mM ammonium fluoride and 768 

methanol with 0.05 mM ammonium fluoride, starting at 50% B, rising to 95% B and returning 769 

to 50% B. Separation of 18 steroids was carried out (Supplementary Figure S1E) The column 770 

and autosampler temperatures were maintained at 50 and 10oC, respectively. The injection 771 

volume was 20 µL and the total analytical run time per sample was 16 min. Steroids were 772 

detected on a QTrap 6500+ mass spectrometer (AB Sciex, Warrington, UK) equipped with an 773 

electrospray ionisation turbo V ion spray source. Positive ion spray voltage was set to 5500 V 774 

and negative ion spray voltage was set to -4500 V, with the source temperature maintained at 775 

600oC. Multiple reaction monitoring parameters were carried out for all steroids including 776 

pregnenolone (P5) m/z 317.1 281.1 and 159.0 with declustering potential (DP) of 66 collision 777 

exit potential (CXP) of 31 and 29 V and collision energy (CE) of 12 V, respectively and for 778 

13C2,d2-pregnenolone of 321.2  285.2 with DP of 14 CXP of 17 and CE of 18 with retention 779 

time of 10.4 mins.   780 
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The ratio of P5/13C2,d2-P5 peak areas were calculated and linear regression analysis used to 781 

calculate the amount of P5 in each sample. The same was done for other steroids in the sample 782 

(aldosterone, cortisol, DHEA, androstenedione, progesterone, 17-estradiol, estron, estriol, 783 

5-dihydrotestosterone and testosterone) by evaluation of the data on MultiQuant 3.0.3 (AB 784 

Sciex, UK)57. 785 

 786 

Immunoblotting and ELISA 787 

Immunoblotting was performed as previously described58. Cells were washed with ice-788 

cold PBS and lysed using radioimmunoprecipitation assay buffer (RIPA, containing 1% Triton 789 

X, 0.1% SDS, 0.5% sodium deoxycholate, 30 mM HEPES, 5 mM Na-EGTA, 10 mM 790 

benzamidine, and 20 mM NaF in physiological saline) supplemented with sodium-791 

orthovanadate, phosphatase inhibitor cocktails 1 and 2, PMSF and aprotinin (all from 792 

Merck/Sigma-Aldrich). Cell debris was removed by centrifugation at 16,000 g. 4x reducing 793 

sample buffer was added for the samples and boiled for 10 min. 20 µg of total protein was run 794 

on a 14% SDS-polyacrylamide gel, electroblotted onto nitrocellulose membranes and stained 795 

with Ponceau. Membranes were then blocked with 3% dry milk in PBS and 0.1% Tween 20 796 

(PBS-Tween), followed by immunoblotting with primary antibodies against Cyp11a1 (1:1000, 797 

ab175408, Abcam) or β-actin (1:10000, Clone AC-74; Merck/Sigma) diluted in 3% BSA in 798 

PBS-Tween, followed by HRP-labeled anti-rabbit IgG and anti-mouse IgG antibodies (1:5000, 799 

GE Healthcare) diluted in 3% dry milk in PBS-Tween. Signal was developed by ECL (GE 800 

Healthcare) and exposed to X-ray film58. 801 

Levels of pregnenolone, aldosterone, corticosterone, estradiol, progesterone, 17-OH 802 

pregnenolone, DHEA, androstenedione, dihydrotestosterone, testosterone, M-CSF and 803 

RANKL present within the supernatants of tumor cells were measured using the Mouse 804 

Competitive ELISA Kits (Elabscience Biotechnology Ltd.), in accordance with the 805 

manufacturer’s instructions and as previously described48. 806 

 807 

QUANTIFICATION AND STATISTICAL ANALYSIS 808 

All experiments were performed 3 or more times (or on at least 6 individual mice per 809 

group) with comparable results. Statistical analysis was performed using Student’s unpaired 810 

two-population t-test or 2-way, repeated-measures ANOVA with Bonferroni’s post hoc test. 811 

Differences with P values of < 0.05 were considered statistically significant: *, p < 0.05; **, p 812 

< 0.01; ***, p < 0.002; ****, p < 0.0004.813 
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