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Adipsin‑dependent adipocyte 
maturation induces cancer cell 
invasion in breast cancer
Jumpei Yoshida 1,2, Takanori Hayashi 1, Eiji Munetsuna 1, Behnoush Khaledian 1, 
Fujiko Sueishi 1, Masahiro Mizuno 1, Masao Maeda 1,3, Takashi Watanabe 4, Kaori Ushida 3, 
Eiji Sugihara 4, Kazuyoshi Imaizumi 5, Kenji Kawada 2, Naoya Asai 3 & Yohei Shimono 1*

Adipocyte‑cancer cell interactions promote tumor development and progression. Previously, we 
identified adipsin (CFD) and its downstream effector, hepatocyte growth factor (HGF), as adipokines 
that enhance adipocyte‑breast cancer stem cell interactions. Here, we show that adipsin‑dependent 
adipocyte maturation and the subsequent upregulation of HGF promote tumor invasion in breast 
cancers. Mature adipocytes, but not their precursors, significantly induced breast tumor cell migration 
and invasion in an adipsin expression‑dependent manner. Promoters of tumor invasion, galectin 
7 and matrix metalloproteinases, were significantly upregulated in cancer cells cocultured with 
mature adipocytes; meanwhile, their expression levels in cancer cells cocultured with adipocytes 
were reduced by adipsin knockout (Cfd KO) or a competitive inhibitor of CFD. Tumor growth and 
distant metastasis of mammary cancer cells were significantly suppressed when syngeneic mammary 
cancer cells were transplanted into Cfd KO mice. Histological analyses revealed reductions in capsular 
formation and tumor invasion at the cancer‑adipocyte interface in the mammary tumors formed in Cfd 
KO mice. These findings indicate that adipsin‑dependent adipocyte maturation may play an important 
role in adipocyte‑cancer cell interaction and breast cancer progression.

Breast cancer is the most frequently diagnosed cancer and one of the major causes of cancer death globally, 
with around 685,000 patients dying from this disease each  year1. Breast cancer development, progression, and 
therapeutic resistance are at least partly attributed to the presence of cancer stem cells (CSCs) in breast tumor 
 tissues2–4. Indeed,  CD44+/CD24−/low human breast CSCs in human breast tumors have an extremely higher ability 
to drive tumor formation in a mouse xenograft model compared to the remaining non-tumorigenic cancer cells 
within the same breast  tumor5. We previously analyzed the expression profile of 466 microRNAs (miRNAs) in 
human breast CSCs isolated from surgical specimens of breast cancer patients and found that 37 miRNAs are 
differentially expressed between breast CSCs and non-tumorigenic cancer  cells6. Among the downregulated 
miRNAs in the human breast CSCs, both miR-200c and miR-183 suppress the protein expression of a stem cell 
self-renewal gene BMI1 and/or an epithelial–mesenchymal transition (EMT) regulator,  ZEB16,7. The findings are 
not limited to the human breast CSCs, and similar molecular mechanisms also regulate normal mammary stem 
cells, colorectal stem cells, and colorectal  CSCs8. miR-142 and miR-150 are upregulated in human breast CSCs 
and participate in WNT signaling pathway  regulation9. Using a breast cancer patient-derived tumor xenograft 
(PDX) mouse model, we then compared gene and miRNA expression profiles between CSCs at the primary site 
and those at distant metastasized sites, and found that downregulation of miR-93, which targets WASF3, and 
upregulation of S100A10 promote CSC properties of cancer cells specifically at distant metastasized  sites10,11.

CSCs maintain their specific properties by residing in and interacting with niches, which are anatomically 
distinct regions within the tumor  microenvironment12. In the mammary tissue, mammary adipose tissues form 
an indispensable niche for normal mammary epithelial stem cells and breast  CSCs13. Using human mammary 
adipose tissue-derived stem cells (ADSCs) as a model, we identified adipsin (complement factor D, CFD), also 
known as a component of the complement alternative pathway, as a niche factor that mediates adipocyte-CSC 
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interactions in breast  cancer13,14. Together with its downstream effector hepatocyte growth factor (HGF), adipsin 
enhances the proliferation and CSC properties of breast cancer  cells14,15. Adipsin is predominantly secreted from 
adipocytes and is induced during adipogenesis by PPARγ, the master regulator of adipocyte  biology16–18. In the 
complement system, adipsin functions as a serine protease that activates the alternative complement pathway, 
in which it cleaves complement factor B into Ba and Bb, and then a C3 convertase—composed of Bb and com-
plement component 3b (C3b)—cleaves C3 into C3a and C3b. The molecules in the adipsin/C3a pathway also 
play roles in various other processes, such as immune regulation, cell migration, insulin tolerance, adipocyte 
differentiation, and homing of hematopoietic stem  cells13.

It is becoming increasingly evident that obesity characterized by overaccumulation of mature adipocytes 
promotes multiple cancers, including post-menopausal breast, colorectal, endometrial, kidney, esophageal, pan-
creatic, liver, and gallbladder  cancers19,20. In addition to the adipokine-mediated enhancement of CSC properties, 
multiple other mechanisms are involved in tumor promotion by  adipocytes13. However, the roles of adipocyte 
maturation in tumor progression remain to be elucidated. The present study shows that adipsin-dependent 
adipocyte maturation promotes invasion and metastatic progression of breast cancer cells.

Results
Adipocyte maturation promotes migration and invasion of mammary cancer cells
Adipocytes are a major component of the tumor microenvironment in breast  cancers13,21,22. To investigate the 
roles of mammary adipocytes—and in particular the adipokine adipsin—in tumor invasion and migration, 
transwell migration/invasion assays were performed using murine and human breast cancer cells and adipocytes 
(Fig. 1A, left). When murine mammary adipocyte precursors (i.e., ADSCs) were cultured in lower wells, both 
wild-type (WT) and adipsin knockout (Cfd KO) ADSCs induced comparable levels of invasion of murine mam-
mary tumor EO771 cells (Fig. 1B, Supplemental Fig. 1A). Essentially similar results were obtained for human 
breast tumor MDA-MB-231 cells: human mammary ADSCs in lower wells induced comparable levels of cancer 
cell invasion, irrespective of the presence of danicopan, a selective small-molecule competitive inhibitor of 
adipsin, in the culture  medium23 (Fig. 1D, Supplemental Fig. 1B).

Because in breast cancers, mammary tumor cells locally infiltrate surrounding adipose tissue enriched with 
mature adipocytes, we investigated the effects of adipocyte maturation on tumor invasion abilities of mammary 
cancer cells. Murine mammary ADSCs were cultured in the lower wells and induced to differentiate for 8 days 
before evaluating the invasion or migration abilities of mammary cancer cells (Fig. 1A, middle and right). 
Coculture with WT mature adipocytes significantly increased the number of invaded EO771 and MDA-MB-
231cells, making it 15 and 8 times higher than induced by WT ADSCs, respectively (Supplemental Fig. 1A). The 
enhancement of tumor invasion by mature adipocytes was adipsin-dependent because: (i) coculture with Cfd 
KO mature adipocytes significantly reduced the number of invaded EO771 cells (Fig. 1C, Supplemental Fig. 1A); 
and (ii) addition of danicopan significantly reduced the invasion of human breast cancer MDA-MB-231 cells 
cocultured with WT mature adipocytes (Fig. 1E, Supplemental Fig. 1B). The suppressive effects of danicopan on 
the invasion ability of tumor cells were mostly indirect because the addition of danicopan to the cell culture had 
little impact on the invasion of MDA-MB-231 cells (Supplemental Fig. 1C). Similarly, migration of mammary 
cancer cells was promoted by WT mature adipocytes, but much weaker by Cfd KO mature adipocytes in transwell 
migration assays (Supplemental Fig. 2). These results suggest that adipsin and maturation of adipocytes promote 
mammary cancer cell invasion and migration.

Adipsin‑dependent secretion of HGF from mature adipocytes promotes cancer cell invasion
Adipokines secreted from adipocytes mediate the adipocyte-cancer cell  interactions13. Because the matura-
tion of adipocytes significantly promoted cancer cell migration and invasion in an adipsin-dependent manner 
(Fig. 1), adipokine expression profiles of WT and Cfd KO mature adipocytes were analyzed. Comparison of the 
adipokine expression profiles of WT and Cfd KO mature adipocytes revealed that HGF and MCP-1 were among 
the adipokines whose expression levels were reduced by Cfd KO in mature adipocytes (Fig. 2AB, Supplemental 
Fig. 3AB). Therefore, we investigated whether the adipokines HGF and MCP-1 can rescue the reduced ability of 
Cfd KO mature adipocytes to promote cancer cell invasion. The addition of HGF, but not MCP-1, in the culture 
medium significantly increased the number of invaded EO771 cells, which barely express Hgf, in the coculture 
with Cfd KO mature adipocytes (Fig. 2BC, Supplemental Fig. 3C). Moreover, the inhibition of HGF using a 
specific blocking antibody significantly reduced the number of invaded MDA-MB-231 cells cocultured with 
mature adipocytes (Fig. 2D), while adding HGF to the culture medium significantly rescued the reduction in 
the number of invaded MDA-MB-231 cells incubated with danicopan (Fig. 2E). These observations suggest that 
HGF is an important mediator of adipocyte-cancer cell interaction and promotes breast cancer cell invasion.

Suppression of tumor growth, invasion, and metastasis in Cfd KO mice
Because cancer cell migration and invasion were regulated by mature adipocytes in an adipsin expression-
dependent manner, their ability to promote tumor progression was evaluated in vivo by inoculating syngeneic 
mammary cancer EO771 cells into the mammary fat pad region of WT or Cfd KO C57BL/6 mice. EO771 cells 
barely expressed adipsin (Fig. 3A) and adipsin was undetectable in the serum of EO771 tumor bearing Cfd KO 
mice (Fig. 3B). Consistent with our previous findings that growth of the breast cancer PDX cells coinjected with 
ADSCs is suppressed by CFD knockdown in the  ADSCs14, growth of EO771 tumors was significantly slower in 
Cfd KO mice than in WT mice (Fig. 3C).

The adipsin/C3a/C3a receptor 1 (C3aR1) pathway activates cancer cells and promotes immune  reactions24. 
Histological analysis revealed that at the tumor invasion front facing the mammary adipose tissue (tumor-adipose 
tissue interface), a significantly thicker fibrotic  capsule25,26 with inflammatory cells and tumor cell invasion was 
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Figure 1.  Mature adipocytes promote tumor invasion in a CFD dependent manner. (A) Schematic illustration 
of the transwell migration/invasion assays in which adipocytes and cancer cells were cultured in the lower well 
and upper chamber, respectively. Mature adipocytes were prepared by inducing the differentiation of confluent 
ADSCs for 8 days (Middle and right). Adipocyte precursors (ADSCs) were seeded the day before the analysis 
(Left). For invasion assays, upper chambers were prepared by coating the upper surface of the filter membrane 
with DMEM with 10% Matrigel, while the filter membrane remained uncoated for migration assays. Upper 
chambers seeded with breast cancer cells were put in the wells and migration/invasion abilities of breast cancer 
cells were evaluated. (B, C) Invasion ability of murine breast cancer EO771 cells cocultured with WT or Cfd KO 
murine ADSCs (B) or mature adipocytes (C). Left: representative images of the invaded cells. Black arrows: 
pore in the transwell membrane, white arrows: transmigrated cells. Scale bars, 50 μm. Data are presented as 
mean ± SD. n = 4, *p < 0.05. (D, E) Invasion ability of human breast cancer MDA-MB-231 cells cocultured with 
human ADSCs (D) or mature adipocytes (E) supplemented with or without 10 μM danicopan, a competitive 
inhibitor for CFD (CFD Inh). Left: representative images of the invaded cells. Black arrows: pore in the transwell 
membrane, white arrows: transmigrated cells. Scale bars, 50 μm. Data are presented as mean ± SD. n = 4, 
*p < 0.05.
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formed in the WT mice compared to Cfd KO mice (Fig. 4A). Consistently, lung metastases were significantly less 
frequently observed in Cfd KO mice than in WT mice (Fig. 4B). These results suggest that the lack of adipsin in 
the tumor-bearing mice caused a reduction in tumor growth and metastasis.

Adipsin‑dependent adipocyte maturation induces MMP9 and Lgals7 expression in cancer cells
Finally, we investigated the molecular mechanisms involved in the promotion of tumor invasion at the tumor-
adipose tissue interface. Comparison of the gene expression profiles between the tumors formed in WT and Cfd 
KO mice revealed that the expression level of Lgals7 (gene encoding galectin 7), which induces tumor growth 
and spontaneous metastases of breast cancer  cells27,28, was significantly reduced in the tumors formed in Cfd KO 
mice compared to those in WT mice (Fig. 5A). Additionally, the expression level of Lgals7 mRNA, which was 
hardly detectable in EO771 cell monoculture, was significantly lower in EO771 cancer cells cocultured in vitro 
with Cfd KO mature adipocytes compared to those cocultured with WT mature adipocytes (Fig. 5B).
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Figure 2.  HGF rescued the reduction of tumor invasion caused by Cfd deficiency in adipocytes. (A) Secretion 
levels of HGF in the culture medium of WT and Cfd KO mature adipocytes. Secretion profile of 111 murine 
cytokines was measured utilizing the Proteome Profiler Mouse XL Cytokine Array Kit (Supplementary Fig. 3A). 
Density of the spots corresponding to the indicated cytokine were quantified using the Image J software. Data 
are presented as mean ± SD. n = 2 (B). Relative expression level of Hgf mRNA in WT and Cfd KO mature 
adipocytes and EO771 cells. Data are presented as mean ± SD. n = 4 for adipocytes, n = 3 for EO771, *p < 0.05, 
**p < 0.01. (C) HGF rescued the reduction of tumor invasion caused by Cfd KO in mature adipocytes. Murine 
breast cancer EO771 cells were cocultured with WT or Cfd KO murine mature adipocytes supplemented with or 
without HGF (50 ng/mL) in the culture medium. Left: representative images of the invaded cells. Black arrows: 
pore in the transwell membrane, white arrows: transmigrated cells. Scale bars, 50 μm. Data are presented as 
mean ± SD. n = 4, *p < 0.05. (D) Reduction of tumor invasion by the inhibition of HGF. MDA-MB-231 cells 
were incubated with or without anti-HGF neutralizing antibody (100 ng/ml, AMG 102, rilotumumab) in the 
culture medium. Left: representative images of the invaded cells. Black arrows: pore in the transwell membrane, 
white arrows: transmigrated cells. Scale bars, 50 μm. Data are presented as mean ± SD. n = 4, *p < 0.05. (E) HGF 
rescued the reduction of tumor invasion by the inhibition of CFD from mature adipocytes. MDA-MB-231 cells 
were cocultured with human mature adipocytes supplemented with or without HGF (50 ng/mL) and danicopan 
(10 μM) in the culture medium. Left: representative images of the invaded cells. Black arrows: pore in the 
transwell membrane, white arrows: transmigrated cells. Scale bars, 50 μm. Data are presented as mean ± SD. 
n = 4, *p < 0.05.
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Using this coculture system (Fig. 5B), we then analyzed the activation of matrix metalloproteinases (MMPs), 
which mediate cancer invasion through the digestion of dense extracellular matrices (ECMs). The expression 
level of Mmp9 (gene encoding gelatinase B) mRNA, which was barely expressed in EO771 cell monoculture, was 
significantly lower when EO771 cells were cocultured with Cfd KO mature adipocytes than when cocultured 
with WT mature adipocytes (Fig. 6A). The expression level of Mmp2 (gene encoding gelatinase A) mRNA was 
also lower, but that difference was not significant (Fig. 6A). The results of gelatin zymography confirmed these 
findings by showing that the activities of MMPs in the EO771 cells cocultured with Cfd KO mature adipocytes 
were lower than those cocultured with WT mature adipocytes, and the difference in MMP9 activities was signifi-
cant (Fig. 6B).These results indicate that adipocyte-cancer cell interactions induce the expression of molecules 
that promote tumor invasion—such as MMPs and LGALS7—in mammary cancer cells, and that adipsin plays 
a major role in this stimulation (Fig. 6C).

Discussion
Adipocytes are integral components of CSC niches, especially in breast cancers, and secrete adipsin that enhances 
CSC properties and cell  growth13–15. Multiple mechanisms have been proposed by which cancer-associated 
adipocytes promote cell growth, angiogenesis, anti-apoptotic effects, invasion, migration, and  metastasis13,21,22. 
Our present study found that after maturation, adipocytes are stronger inducers of breast cancer cell invasion 
and uncovered the importance of two adipokines, adipsin and HGF, in adipocyte-induced tumor invasion.

Mammary adipocytes can be divided into three categories: mature adipocytes, preadipocytes, and ADSCs. 
Enhancement of CSC properties is mediated by cocultured ADSCs in breast cancer PDX  cells13–15. In contrast, 
although breast cancer cell invasion was significantly induced by cocultured mature adipocytes, it was only weakly 
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Figure 3.  Suppression of tumor growth in Cfd KO mice. (A) Relative expression level of Cfd mRNA in murine 
mature adipocytes and EO771cells. Expression levels were normalized to Actb mRNA expression levels. Data 
are presented as mean ± SD. n = 4, **p < 0.01. (B) Concentration of adipsin (CFD) in the serum of WT or 
Cfd KO mouse bearing EO771 tumor. Data are presented as mean ± SD. n = 7 (WT) and 6 (KO), **p < 0.01. (C) 
The capacity of breast cancer EO771 cells (1 ×  105 cells/site) to form tumors upon in vivo transplantation into 
the mammary fat pad region of C57BL/6 mice was suppressed by Cfd KO in the mouse. Tumor growth was 
monitored by caliper measurements twice a week. Data are presented as mean ± SD. n ≥ 3, *p < 0.05.
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Figure 4.  Suppression of tumor progression in Cfd KO mice. (A) Histological analysis of the tumor invasion 
fronts. At the tumor-mammary adipose tissue interfaces, much thicker fibrotic capsules with inflammatory cells 
and tumor cell invasion were formed for the tumors grown in WT mice compared to those grown in Cfd KO 
mice. Upper panels, H&E (hematoxylin and eosin), silver and Masson’s trichrome staining images are presented. 
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induced by ADSCs in vitro. Because the expression level of adipsin is much higher in mature adipocytes than in 
 ADSCs16–18, it is possible that a much higher exposure to adipsin and subsequent changes in adipokine secretion, 
including HGF, are required to induce tumor invasion compared to inducing CSC properties. Considering that 
various mechanisms, including secretion of adipokines, metabolic reprogramming, and exosome trafficking, are 
proposed by which adipocytes promote the malignant progression of cancer  cells21,29, further studies are required 
to determine why the maturation of adipocytes is required to promote tumor invasion efficiently.

Obesity, characterized by an increase in adipose mass and an alteration of adipose tissue, is an independent 
risk factor for cancer progression. Previous studies have shown that adipocytes and adipose tissues can promote 
tumor growth and progression. For example, mature adipocytes promote cancer  growth30, and pancreatic tumor 
growth is enhanced in obese mice in an osteopontin-dependent  manner31. Adipocytes promote tumor invasion 
and metastasis by upregulating the generation of glycerol-3-phosphate in cancer cells as a precursor for mem-
brane and signaling  components32, and enhance the mesenchymal phenotype of cancer cells by adipocyte-derived 
CXCL3 and further activation of FAK pathway in cancer  cells33. We showed here that mature adipocytes have a 
significantly higher ability to promote tumor invasion than ADSCs and propose that adipsin and HGF secreted 
from mature adipocytes in an autocrine regulatory manner promote tumor  invasion15 (Fig. 6C). MCP-1 (CCL2) 
is associated with tumor development, including tumor invasion and metastasis, angiogenesis, and immune cell 
 infiltration34,35. MCP-1 is overexpressed in breast cancer cells and promotes tumor  invasion35; however, MCP-1 
failed to rescue the reduced ability of Cfd KO mature adipocytes to promote invasion. This may have been caused 
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by the relatively low expression levels of its receptor, C–C motif chemokine receptor 2 (CCR2) in breast cancer 
 cells35, and/or the differential roles of HGF and MCP-1 in the adipsin/C3a/C3aR1 pathway.

MMP9 is a member of the matrix metalloproteinase family of enzymes that play a crucial role in the break-
down of ECM components. MMP9 plays an important role in the onset, progression, and metastasis of various 
cancers, including gastric, lung, colon, and breast  cancers36. Activation of the enzymatic activity of MMP9 is 
mediated by proteases, such as serine proteinases or other matrix metalloproteinases, including MMP2 and 
plasmin, and by the suppression of tissue inhibitors of metalloproteinases (TIMPs). While adipsin is a serine 
protease, its only known substrate is factor B in a complex with  C337. Therefore, activation of the enzymatic activ-
ity of MMP9 is less likely to be mediated by adipsin itself. On the other hand, our finding suggests that adipsin 
upregulates the transcription of MMP9 mRNA. Previous results have shown that tumor necrosis factor-alpha 
(TNF-α)38, interleukin-1 (IL-1)39, and direct cell–cell contacts between cancer cells and stromal cells, influence 
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MMP9 expression and activation. Molecular mechanisms by which adipsin upregulates MMP9 activities remain 
to be clarified because our coculture system was not suitable for the evaluation of the effects of direct cell–cell 
contacts, and the results of the cytokine array did not support the upregulation of those cytokines. Therefore, 
further studies are required to delineate the molecular mechanisms by which adipsin activates MMPs.

LGALS7 (galectin-7) is a member of the galectin family implicated in epithelial stratification and cell migra-
tion. It is a β-galactoside-binding protein involved in various cellular functions, including cell adhesion, apop-
tosis, immune response, and cancer progression. LGALS7 may contribute either to neoplastic transformation 
or tumor progression through the impacting of cell growth, cell proliferation, angiogenesis, apoptosis, and/or 
cell  migration40. Cellular stress, such as exposure to certain cytotoxic agents or environmental stressors, can 
induce the expression of LGALS7. Indeed, activation of the p53 or TNFα pathways induces the binding of p53 
(irrespective of its WT or mutants) and nuclear factor-kappa B (NF-κB) to the Lgals7 promoter and enhances 
LGALS7  expression41. We speculate that the significant upregulation of LGALS7 in the tumors grown in WT 
mice compared to those in Cfd KO mice (Fig. 5) may be caused by differences in adipokines secreted from the 
adipocytes (Fig. 2A, Supplemental Fig. 3AB) and/or differences in immune responses within the tumor micro-
environment (Fig. 4A).

Xenotransplantation of human tumor tissue into highly immunodeficient mice led to the establishment of 
PDX models which reflect the heterogenous nature of human cancer tissues containing CSCs. We have previ-
ously shown that the growth of the xenograft tumor formed by the co-injection of PDX cells and human ADSCs 
is significantly reduced by CFD knockdown in ADSCs. However, in that model, it is difficult to eradicate the 
tumor-promoting and immune-modulating effects of murine adipsin supplied to the systemic blood circulation. 
In the present study, we employed a syngeneic tumor model which enables the analysis of immune function 
and its interaction with tumor cells, both in WT and Cfd KO settings. Indeed, using syngeneic mammary tumor 
cells, we found that fibrogenic and immune reactions, and tumor cell invasion were significantly reduced at 
the tumor-adipose tissue interface in the Cfd KO mice. However, further analyses are required to delineate the 
systemic effect of Cfd KO on tumor development and progression in tumor-bearing mice.

In conclusion, our study proposes that adipsin expressed by adipocytes is an important mediator of adipocyte-
cancer cell interaction and promotes multiple aspects of tumor initiation and progression. Therefore, adipsin 
will be an attractive target to attach the obesity-related cancers, including breast cancers.

Materials and methods
Ethics statements
Human adipose tissues were obtained from surgical specimens of breast cancer patients admitted to the Divi-
sion of Breast and Endocrine Surgery of Kobe University Hospital. The research was pre-approved by Kobe 
University’s Institutional Review Board (permission number: 1299 and 1481) and Fujita Health University’s 
Institutional Review Board (permission number: HM22-323), and was conducted in accordance with recognized 
ethical guidelines. All patients included in the study provided written informed consent. Animal experiments 
were performed with the approval of Fujita Health University’s Animal Care and Use Committee (permission 
numbers: APU23019, APU22102) and carried out according to the Animal Experiment Regulations of Fujita 
Health University.

Establishment and differentiation of ADSCs
Murine ADSCs and human ADSCs were established from the mammary fat pads of WT and Cfd KO mice, 
and from a surgical specimen of a breast cancer patient,  respectively14. Briefly, adipose tissue was minced into 
small pieces with a razor blade, put in medium 199 (Thermo Fisher Scientific) containing 1 mg/mL collagenase 
I (Worthington Biochemical) and 10 unit/mL DNase I (Sigma), and incubated in a shaking water bath at 37 °C 
for 1 h. After filtration, the cells were collected by centrifugation and the precipitates were washed twice using 
Dulbecco’s modified Eagle’s medium/nutrient mixture F12 (DMEM/F12) medium (Gibco, Thermo Fisher Sci-
entific) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco, 
Thermo Fisher Scientific). The cells were resuspended and cultured in DMEM F12 10% FBS at 37 °C with 5% 
 CO2. ADSCs grown to confluency were induced to terminally differentiate into mature adipocytes using Osteo-
genic/Adipogenic Base Media with Adipogenic Supplement (100×) (CCM007 and CCM011, StemXVivo, R&D 
systems) for 8 days according to the manufacturer’s protocol.

Transwell migration and invasion assay
Transwell migration and invasion assays were undertaken using 24-well transwell inserts with 8 µm pore size 
(Corning). For invasion assays, the upper surface of the filter membrane was coated with 60 μL of DMEM with 
10% Matrigel (Corning), while the filter membrane remained uncoated for migration assays. Twenty thousand 
cells in DMEM were added to the upper chamber, and DMEM containing 10% murine or human serum (for 
EO771 or MDA-MB-231 cells, respectively) was added to the lower chamber, where adipocytes were cultured. 
Danicopan, a competitive inhibitor of CFD catalytic activity (10 μM, S0803, Selleck), HGF (50 ng/mL, 100-
39H PeproTech), HGF neutralizing antibody (100 ng/ml, AMG 102, rilotumumab), or MCP1 (10 nM, Tonbo 
Biosciences) was added to the medium in the lower chamber to evaluate their effects on cancer cell invasion 
and migration.

After incubation at 37 °C for 24 h, cells on the upper side of the filter membrane were removed using a cot-
ton swab. The cells that had invaded and were attached to the bottom side of the filter membrane were fixed in 
10% formaldehyde and stained with 1% crystal violet. The number of cells was counted under a microscope at 
4× magnification.
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Syngeneic tumor transplantation
EO771 cells (1 ×  105 cells/site) were injected into the 4th mammary fat pad region of 9–12-week-old female WT 
or Cfd KO C57BL/6 mice. Tumor growth was monitored by caliper measurements twice a week by using the 
formula:  ab2/2 [a, length; b, width]. After 21 days, tumors were harvested, and tissue samples were soaked into 
RNA later (Thermo Fisher Scientific) and 75% of formaldehyde. Histological analyses were performed using for-
maldehyde-fixed and paraffin-embedded tissues. Molecular analyses of the primary tumor and metastatic organs 
were performed by quantitative real-time PCR and next generation RNA sequencing. Blood serum adipsin levels 
of the tumor-bearing mice were evaluated by PicoKine ELISA (Boster) according to the manufacturer’s protocol.

Next generation RNA sequencing
RNA was extracted from fresh frozen tumor tissue samples using the Pure Link RNA mini Kit (Thermo Fisher 
Scientific) according to the manufacturer’s protocol. Next generation RNA sequencing was performed by Rhe-
lixa, Japan.

Gelatin zymography
ADSCs were seeded on an Atelocollagen, permeable membrane for 6-well culture plate (KOKEN) and differenti-
ated using Osteogenic/Adipogenic Base Media with Adipogenic Supplement (100×) (CCM007 and CCM011, 
StemXVivo, R&D systems). The permeable membranes were set into the wells of a 6-well plate and cocultured 
with cancer cells. After 24 h, the permeable membrane culturing adipocytes was removed, and the cancer cells 
were starved for 48 h. Culture supernatant was collected and centrifuged at 1500×g for 5 min to remove debris, 
followed by concentration using an Amicon Ultra-4 centrifugal filter unit (10 kDa MWCO (molecular weight 
cutoff membrane), UFC801024, MilliporeSigma). The total amount of protein was measured using the Bradford 
Ultra assay (Expedeon) according to the manufacturer’s protocol, and equal amounts of protein were loaded 
into an SDS-PAGE gel containing gelatin. After electrophoresis, the gel was washed for 30 min twice in washing 
buffer (2.5% Triton X‐100, 5 mmol/L  CaCl2, 50 mmol/L Tris‐HCl [pH 7.5]) and incubated in incubation buffer 
(1% Triton X‐100, 5 mmol/L  CaCl2, 50 mmol/L Tris‐HCl [pH 7.5]) overnight at 37 °C. The gel was stained with 
Coomassie brilliant blue solution to visualize the MMP activity.

Semi‑quantitative real‑time PCR
First-strand cDNA extracted from samples was synthesized from total RNA (1 μg) using a MultiScribe Reverse 
Transcriptase Kit (Thermo Fisher Scientific). The primer sequences were: mouse Actb, forward GTT GGA GCA 
AAC ATC CCC CA and reverse ACG CGA CCA TCC TCC TCT TA; mouse Mmp2, forward ACA AGT GGT CCG 
CGT AAA GT and reverse AAA CAA GGC TTC ATG GGG GC; mouse Mmp9, forward CGG TCC TCA CCA TGA 
GTC C and reverse ACA AGT ATG CCT CTG CCA GC; mouse Lgals7, forward CAA CAC ACT CTT GGT CCC CT 
and reverse GTT AAA GTG CAA GGC GGC AT; mouse Cfd; forward GGC TGT ATG TGC AGC ACA G and reverse 
GAG GCA TTC TGG GAT AGC TTA; mouse Hgf; forward GGC TGT ATG TGC AGC ACA G and reverse GAG GCA 
TTC TGG GAT AGC TTA; human LGALS7 forward GCT GAG AAT TCG CGG CTT G and reverse GCT CCT TGC 
TGT TGA AGA CC. TaqMan probe is used for human ACTB (Hs01060665_g1, ThermoFisher).

Cytokine array
The mammary ADSCs were seeded at a density of 3 ×  104 cells/cm2 in DMEM/F12 containing 10% FBS and 
penicillin/streptomycin and cultured to 100% confluency. The cells were maintained for 48 h, and then induced 
to differentiate using a mouse-specific MesenCult Adipogenic Differentiation Kit (Catalog #05507, STEMCELL 
Technologies) according to the manufacturer’s protocol. The medium was refreshed every 2 to 3 days, and on day 
10 when the cells were terminally differentiated, the medium was replaced with DMEM/F12 containing 1% FBS 
and cultured for 3 days. Supernatant of the culture medium centrifuged at 300×g for 10 min at 4 °C was applied 
to the membrane for the assessment of the secretion profile of 111 murine cytokines, utilizing the Proteome 
Profiler Mouse XL Cytokine Array Kit (Catalog # ARY028, R&D Systems), according to the manufacturer’s 
instruction. Images of the membrane were taken using the Fusion Solo S (Vilber, Collégien) and signal intensi-
ties were quantified using the Image J  software42.

Statistical analysis
Data are presented as means ± standard deviation (SD). Comparisons between continuous data normally dis-
tributed with equal variance or unequal variances between groups were performed using unpaired two-tailed 
Student’s t-tests. Differences in the frequency of animals developing lung metastases following the injection of 
equal numbers of cancer cells were tested for statistical significance using the Chi-squared test. Sample sizes 
and P-values are indicated in the figures or figure legends. P values < 0.05 were deemed statistically significant.

Institutional review board statement
The study was conducted according to the guidelines of the Declaration of Helsinki and was pre-approved by 
Kobe University’s Institutional Review Board (permission number: 1299 and 1481) and Fujita Health University’s 
Institutional Review Board (permission number: HM22-323).

Informed consent
Informed consent was obtained from all subjects involved in the study.



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18494  | https://doi.org/10.1038/s41598-024-69476-3

www.nature.com/scientificreports/

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
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