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Bone marrow (BM) adipocytes are abundant in BM and may be involved in the process of bone metastasis. However, their
behaviors in metastatic BM niches during bone metastasis have not been fully explored. In this study, intracardiac
transplantation of B16-F10 melanoma cells into immunocompetent C57BL/6 mice was performed. Tibial marrow sections
were stained with hematoxylin and eosin, Masson’s trichrome, tartrate-resistant acid phosphatase, and fatty acid-binding
protein 4 (FABP4) and analyzed using a histomorphometric system. The results showed that the number of BM adipocytes
rapidly increased in melanoma metastatic BM niches, which were in direct contact with metastasizing melanoma cells and
acted as a tumor stromal population in the BM-melanoma niche. Melanoma cell-derived factors could enhance BM
adipogenesis, which promotes melanoma cell proliferation and cell cycle transitions. Moreover, BM adipocytes might aid
in the modification of the osteolytic BM microenvironment. These results indicate that an increase in the number of BM
adipocytes in a metastatic BM niche may facilitate melanoma cell colonization and growth in BM. BM adipocytes might
therefore support the development of bone metastases.
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Bone metastasis is a detrimental complication in cancers,
including malignant melanoma (MM).1,2 MM patients with
bone metastases display predominantly osteolytic lesions in
their bones,3 and these are mainly caused by aberrant
activated bone-absorbing osteoclasts. Although osteoclasts
are the major cellular component during bone destruction
and interactions with tumor cells, there is no evidence
supporting the notion that osteoclasts provide niches for
cancer cell colonization during bone metastasis. Recent
studies have revealed the presence of osteogenic niches in
prostate cancer,4 acute myelogenous leukemia (AML),5 and
breast cancer.6 However, the characteristics of the niche in
which melanoma cell colonization and growth occur in bone
marrow (BM) have not been described.

BM adipocytes, which are one of most abundant stromal
cell types in BM, are present in both white and brown adipose
tissue.7 The number of BM adipocytes increases with age8 and
obesity.9 A higher incidence of bone metastasis has been
observed in elderly patients than in younger patients,10 and

this might indicate a role for BM adipocytes in bone
metastasis. In recent studies, BM adipocytes that were
induced by obesity were shown to promote cancer cell
growth in the bone-tumor niche11,12 and to enhance
osteoclastogenesis via chemokine (C-X-C motif) ligand-1/-2
(CXCL-1/-2) and osteopontin (OPN).11,13 In addition,
adipocytes that synthesize cytokine-like proteins called
adipokines, which include leptin, interleukin 6 (IL-6),
insulin-like growth factor 1 (IGF-1), and CXCL-1/-2, are
also potentially involved in metastasis.14 Furthermore, BM
adipocytes negatively regulate the hematopoietic stem cell
(HSC) pool,15,16 which is shared with metastasizing cancer
cells.4,17 This regulation may affect the BM metastatic niche.
However, whether BM adipocytes influence the metastatic
niche during osteolytic metastases remains unknown.

In the present study, we used a well-established bone
metastasis mouse model to show that the numbers of
unilocular and multilocular BM adipocytes are rapidly
increased in the BM metastatic niche. Importantly, melanoma
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cells are directly in contact with BM adipocytes, which
constitute an additional stromal cell population in the tumor
area during melanoma progression. Moreover, dual effects of
melanoma cells on BM adipocytes were observed. These
findings provide evidence supporting the importance of BM
adipocytes in bone metastasis.

MATERIALS AND METHODS
Mice Treatment
Male C57BL/6 mice (10 weeks old) were purchased from SLAC
(Shanghai Laboratory Animal, Shanghai) and maintained at
25 °C with a 12-hour light/dark cycle. The procedure used for
the intracardiac (i.c.) injections was previously described by
Bakewell et al.18 and Campbell et al.19 Briefly, the mice were
anesthetized using isoflurane (RWD Life Science, San Diego,
CA, USA). A twenty-nine-gauge needle (Micro-Fine, BD) was
used to inject either 1 × 105 B16-F10 cells in 100 μl of PBS or
only PBS (vehicle) into the left cardiac ventricle of each mouse.
The mice were monitored daily for up to 14 days after injection
and killed at the indicated time points (Figure 1a). Mice with
visible extrapleural intrathoracic tumors were excluded from
the analysis. All of the animal experiments were approved by
the Animal Care and Use Committee at Shanghai Renji
Hospital and Shanghai First People's Hospital, which is
affiliated with Shanghai Jiao Tong University.

Cell Cultures
The murine melanoma cell line (B16-F10) was purchased
from the Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. Cells were maintained in DMEM
(Invitrogen, Thermo Fisher Scientific) containing 100 ml/l
fetal bovine serum (FBS), 100 IU/ml penicillin, and 10 μg/ml
streptomycin (Invitrogen, Thermo Fisher Scientific) at 37 °C
(5% CO2, 95% air). The B16-F10 cells were transduced with
pGLV3-H1-GFP-Puro plasmids (Biogot Technology) using
Lipofectamine 3000 (Invitrogen, USA). Stable green fluor-
escent protein (GFP)-expressing B16-F10 cells were selected
using complete DMEM medium containing 1.5 μg/ml
puromycin (InvivoGen, USA) for 7–10 days.

Adipocyte Differentiation Assay
Mouse BM mesenchymal stem cells (BM-MSC) were
prepared as previously described.11,20 BM-MSC or the murine
adipocyte cell line (14F1.1 cells, kindly provided by Prof. Dov
Zipori of the Weizmann Institute of Science, Rehovot, Israel)
were differentiated into BM adipocytes as previously
reported.11 As shown in Figure 2a, BM-MSC cells or
14F1.1 cells were pre-treated with adipogenic cocktail
(adipo-coc: 5 μg/ml insulin, 0.5 mM 3-isobutyl-1-methyl-
xanthine, 1 μM dexamethasone) for 2 days. Then, the
tumor-conditioned medium (TCM) was collected from the
B16-F10 cells, which were cultured in FBS-free medium for
24–48 h and mixed with adipo-coc (40%) as the medium
used for the adipocyte differentiation assay. Adipocytes were
harvested for gene expression profiling or Oil Red O staining.

Adipocytes and B16 Cells Co-culture
The 14F1.1 cells were differentiated into mature BM
adipocytes in 24-well plates as described above. B16-F10 cells
(1 × 103/105/106) were placed in 0.4-μm pore inserts (Mili-
pore) for co-culture experiments (Figure 3a). After 48 h of
incubation, the adipocytes were harvested for gene expression
profiling or staining.

Proliferation Assay and Cell Cycle Analysis
Mature BM adipocytes were cultured overnight in DMEM
medium containing 2% FBS and harvested as the adipocyte-
conditioned medium (Ad-CM). The WST-1 cell proliferation
and cytotoxicity assay kit (Beyotime Institute of Biotechnol-
ogy, China) was used for detecting proliferation in B16-F10
cells after incubation in Ad-CM or control DMEM medium
according to the manufacturer’s instructions. For cell cycle
analysis in flow cytometry, B16F10 cells were treated with
control medium (0% Ad-CM), 50% Ad-CM, or 100%
Ad-CM for 48 h.

Bone Histology and Histomorphometry
Mouse femurs and tibias were fixed in 4% formalin overnight
and decalcified in 14% EDTA for 2–3 weeks. Long bones were
embedded in paraffin and sliced into equivalent coronal
sections through the center of the bone at a thickness of 2 μm.
Histological sections were stained with HE, Masson’s
trichrome, and tartrate-resistant acid phosphatase (TRAP)
(#387, Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. Osteoclast number and size and
trabecular bone area were measured as described in our
previous report.11 For immunostaining, de-paraffinized,
ethanol-rehydrated tissue sections were labeled with the
following antibodies: anti-fatty acid-binding protein 4
(FABP4) antibodies (ab92501; Abcam; dilution 1:500) or
anti-GFP antibodies (ab13970; Abcam; dilution 1:1000). The
section preparation and labeling were performed by techni-
cians from Shanghai Zuo Cheng Bio.

Quantitative RT-PCR
Cell lysates were homogenized using TRIzol reagent (Invitro-
gen), and RNA was then isolated according to the manufac-
turer’s instructions. RNA was reverse-transcribed into cDNA
using a PrimeScript RT reagent kit with gDNA Eraser (Takara
Biotechnology (Dalian)). Quantitative real-time PCR was
performed using SYBR Premix Ex Taq II (Tli RNase H Plus)
on an Applied Biosystems 7900HT Fast Real-Time PCR
System. Samples were analyzed in duplicate. β-actin was used
to normalize the RNA content of the samples. The primer
sequences are listed in Supplementary Table 1.

Enzyme-Linked Immunosorbent Assay (ELISA)
Leptin levels in serum were measured using ELISA kits (R&D
Systems) according to the manufacturer’s instructions.
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Statistics
All data are presented as the mean± s.e.m. Statistical
significance was determined using unpaired Student’s t tests
implemented using GraphPad Prism software (*Po0.05,
**Po0.01, ***Po0.001).

RESULTS
The number of BM Adipocytes is Increased in the BM
Metastatic Niche
To reveal how the cellular components of the BM metastatic
niche change during bone metastasis, immunocompetent

C57BL/6 male mice (10–12 weeks old) were inoculated via i.c.
injection and then monitored at previously determined time
points (Figure 1a). In the tibial BM HE-stained sections,
increased numbers of unilocular and multilocular BM
adipocytes were observed in the tumor cell-inoculated mice
on day 7 post-tumor transplantation compared with the PBS-
injected mice (Figures 1b-d). However, a dramatic decrease in
the numbers of unilocular BM adipocytes was observed on
day 14 post-melanoma cell injection compared with the
control group (Figures 1b and d). Immunohistochemical
staining for FABP4, a specific marker of adipocytes,

Figure 1 A significant increase was observed in the number of BM adipocytes in the metastatic bone niche. (a) Experimental scheme: B16-F10 cells
(1 × 105) were injected (intracardiac, i.c.) into 10–12-week-old immunocompetent C57BL/6 mice. The mice were killed for analysis at the indicated time
points (days) post-tumor inoculation. (b-c) HE-stained slides of tibial tissues (scale bar, 500 μm). Unilocular and multilocular BM adipocytes are indicated
by black and red arrows, respectively (scale bar, 50 μm). FABP4 staining was performed on tibial bone sections obtained on day 7. Tumor area is
marked with a yellow ‘T’. (d) The difference values (D-values) in the numbers of BM adipocytes of tibial tissues between tumor-injected and vehicle-
injected mice were calculated. (e) The D-values in serum levels of leptin (ng/ml) between tumor-injected mice and vehicle-injected mice were analyzed.
All of the statistical data are shown as means ± s.e.m.; n= 5–6 per group. *Po0.05, **Po0.01, ***Po0.001. BM, bone marrow; HE, hematoxylin.
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confirmed that the stained cells were adipocytes (Figure 1c).
Furthermore, serum levels of leptin, which is secreted mainly
by adipocytes,21 were also detected and found to change in
parallel with the observed changes in cell numbers of BM
adipocytes (Figure 1e). Taken together, these data suggest that
BM adipocytes might be active players in the development of
melanoma bone metastases.

Dual Effects of Melanoma Cells on BM Adipocytes:
Pro-differentiation and De-differentiation
To test whether the tumor cells could promote bone marrow
adipocyte differentiation, isolated BM-MSC or 14F1.1 cells
were differentiated into mature adipocytes using an adipo-
genic cocktail with or without the addition of 60% TCM
(Figure 2a). We observed that TCM was able to promote the
differentiation of adipocytes, which was confirmed by Oil Red
O staining and profiling of adipocyte marker genes
(Figures 2b and c). However, previous studies have shown
that adipocytes can also undergo a de-differentiation process
when co-cultured with tumor cells.22–24 To address whether
the process was dependent on the number of tumor cells, a
transwell co-culture system was used, ie, a range of melanoma
cell densities (from 103 to 106 cells/well) were co-cultured
with mature adipocytes (Figure 3a). As shown in Figure 3b,
delipidation of mature adipocytes were induced to a greater
extent at the highest density of melanoma cells (106 cells/well)
compared with at lower densities of melanoma cells (103 or
105 cells/well). Consistent with these findings, the expression
of genetic markers of adipocytes, such as CCAAT/enhancer
binding protein beta (CEBPβ), peroxisome proliferator activated
receptor gamma (PPARγ), FABP4 and Leptin, were decreased
while delta like non-canonical Notch ligand 1 (Pref-1 IL-1β,
IL-6, and C-C Motif chemokine ligand 2 (MCP-1) were

enhanced at the highest density of melanoma cells
(Figure 3d).

BM Adipocyte Provide a Niche for Melanoma Cells
Colonization
BM adipocytes might support the development of tumor cell
bone metastasis. To examine whether BM adipocytes were
physically located near melanoma cells in BM, we made a
stable melanoma cell line labeled with GFP signal. GFP+ B16
cells were tracked in BM on days 6–7 post-tumor transplan-
tation (Figure 4a). Immunohistochemistry staining of FABP4
was also performed to mark BM adipocytes in the sequential
BM sections (Figure 4a). As shown in Figure 4a, adipocytes
were in the vicinity of GFP+ melanoma cells in BM. The BM
adipocytes became fibrotic, which was confirmed by Masson’s
trichrome staining, and were present in the tumor stroma
(Figure 4b). These data support the hypothesis that BM
adipocytes might influence the colonization of tumor
cells in BM.

BM Adipocytes Promote Melanoma Cell Proliferation
and Cell Cycle Transitions
To determine whether increased BM adipogenesis influences
melanoma cell proliferation and cell cycle transitions in vitro,
we exposed B16-F10 cells to conditioned medium derived
from mature BM adipocytes (Figure 4c). Treatment with
Ad-CM robustly increased B16-F10 cell proliferation com-
pared with proliferation in the control group (Figure 4d). The
G0/1 phases were decreased while the S phase was significant
upregulated in melanoma cells after Ad-CM exposure in a
dose-dependent manner (Figure 4e). To confirm these
phenotypes, we detected a panel of marker genes for cell
proliferation and cell cycle transitions. As shown in Figure 4f,

Figure 2 Tumor-derived factors promote BM adipocyte differentiation.(a) Experimental setting: isolated BM MSC or 14F1.1 cells (a murine BM
adipogenic cell line) were seeded on cell plates and differentiated into adipocytes by the addition of adipogenic cocktail (adipo-coc) for 2 days with/
without a 2:3 mixture of the conditioned medium obtained from B16F10 cells (TCM) for an additional 6-10 days. (b) Representative photographs of Oil
Red O staining of adipocyte cultures in 24-well plates. A representative image of at least 3 independent experiments carried out in triplicate is shown.
Quantification of the intensity of staining was performed using ImageJ. (c) Expression of adipocyte marker genes in cell cultures. All of the statistical
data are presented as means ± s.e.m. of three independent experiments carried out in triplicate. *Po0.05, **Po0.01, ***Po0.001. BM, bone marrow;
MSC, mesenchymal stem cells; TCM, tumor-conditioned medium.
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the addition of Ad-CM to B16F10 cells resulted in increased
mRNA levels of Cyclin Dependent Kinase 2 (CDK2) and Cyclin
D1 and decreased mRNA levels of B-Cell CLL/Lymphoma 2
(BCL-2) and p21. Together, these results indicate that BM
adipocytes facilitate melanoma cell growth in BM.

BM Adipocytes Might Play a Role in the Alteration of the
Tumor BM Microenvironment
Melanoma bone metastases are commonly osteolytic metas-
tases as a result of the aberrant activation of bone-absorbing
osteoclasts.25,26 Therefore, a histomorphometric analysis was
performed of the TRAP activity-stained tibial marrow
sections. As shown in Figures 5a and b, the largest differences
in osteoclast size and number between cell-injected and
vehicle-injected mice were observed on days 6 and 14 post-
tumor cell inoculation. Consistent with these results,
trabecular bone volume and thickness were inversely

correlated with osteoclast number and size on days 6 and
14 post-melanoma injection (Figures 5c and d). Noticeably,
the numbers and sizes of the osteoclasts or trabecular bone
volume were transiently restored to levels comparable to
those in the PBS-injected mice at day 7 or 10 post-melanoma
injection (Figures 1b and 5a-d), indicating that the BM niche
transiently recovered from the osteolytic BM microenviron-
ment. Indeed, the time point for the increased BM
adipogenesis was consistent with the alteration of the
osteolytic BM microenvironment (Figures 1b-e). Further-
more, significant increases were observed in the serum levels
of leptin (Figure 1e), which is functional in promoting
osteoblast differentiation and proliferation and in supp-
ressing osteoclastogenesis.27 Collectively, these data suggest
that the increase in the number of BM adipocytes is
associated with the modification of the osteolytic
metastatic niche.

Figure 3 Tumor burden-dependent effects on BM adipocytes.(a) Scheme overview: 14F1.1 cells were coated on 24-well plates and differentiated into
mature adipocytes and then co-cultured with 1 × 103 (Ad-B16-1), 1 × 105 (Ad-B16-2) or 1 × 106 (Ad-B16-3) B16F10 cells for an additional 48 h. BM
adipocytes alone served as the control group (Ad-ctrl). (b) Representative pictures of Oil Red O staining of adipocyte cultures in 24-well plates. A
representative image of at least three independent experiments carried out in triplicate is shown. Quantification of the intensity of staining was
performed using ImageJ. (c) Gene expression in BM adipocytes from the above co-culture system. All of the data are the means ± s.e.m. and are
compared with the data from the Ad-ctrl group; three independent experiments were carried out in triplicate. u.d. means undetected, *Po0.05,
**Po0.01, ***Po0.001. BM, bone marrow.
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DISCUSSION
In this study, we report that increased numbers of BM
adipocytes support the development of melanoma bone
metastasis. Our data suggest that BM adipocytes play a critical

role in this development by providing a niche for cancer cell
colonization and growth in BM. Increasing our under-
standing of the impact of BM adipocytes on tumor cells with
osteotropism might therefore contribute to the development
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of novel therapeutic targets for the treatment of bone
metastasis.

The mechanism by which the BM niche supports bone
tropism in cancer cells remains largely unknown. In contrast
to the osteogenic niche for metastasizing cancer cells, such as
those observed in breast cancer6 and prostate cancer,4 we
propose the presence of an adipogenic niche for cancer cell
colonization and growth in BM in vivo. This concept is
supported by a recent excellent in vitro study that was
performed by Templeton et al.28 that showed that breast
cancer cells can colonize the BM adipose tissue niche. It is also
supported by evidence provided by Brown et al.29 showing
that prostate cancer cells target arachidonic acid (AA)-loaded
human BM adipocytes. In particular, obesity modeled by a
high-fat diet (60 kcal% fat) in mice results in enhanced BM
adipogenesis,16 and BM adipocytes occur in direct contact
with cancer cells and promote tumor cell growth in BM.11,12

Similarly, our findings from mice suggest that regardless of
diet, BM adipocytes might also be essential for tumor cell
colonization of bone metastasis.

In the present study, we observed that melanoma-derived
factors were able to promote BM adipogenesis in vitro, which
might partially account for the rapid increase in BM adipocyte
number in the metastatic BM niche in vivo. Similarly, factors
derived from leukemia, lung cancer cells, or ovarian cancer
cells can enhance adipogenesis in vitro.23,30 It might be
interesting to test whether BMP4 and IL-8 secreted by tumor
cells can mediate the enhanced adipogenesis induced by
melanoma cells and influence the process of bone
metastasis.23 IL-8 influences the process of osteolytic bone
metastasis in breast cancer.31 In addition, the differentiation
of preadipocytes into adipocytes was found to be greater when
the preadipocytes were in contact with breast cancer cell
lines.32 Furthermore, Snail+ melanoma cells were observed to

Figure 4 BM adipocytes provide a niche for melanoma cell colonization and growth.(a) Representative photograph of GFP-labeled and FABP4-stained
tibial marrow post day 7 intracardiac (i.c.) injection of B16-F10 cells. Scale bar, 50 μm. (b) Representative photographs of Masson’s trichrome-stained
tissues obtained on PBS, day7 and day 14 post i.c injection with B16-F10 cells. The red arrows indicate BM adipocytes. Tumor area is marked with a
yellow ‘T’. Scale bar, 50 μm. (c) Experimental setting: B16F10 cells were incubated with medium mixed with different proportions of Ad-CM (0%, 50%, or
100%) for 48 h. (d) WST-1 analysis of the cell proliferation in B16F10 cells treated with control or Ad-CM. The results of at least three independent
experiments carried out in triplicate are shown. (e) Cell cycle was detected by flow cytometry and quantified after B16F10 cell treatment with a range of
concentrations of Ad-CM for 48 h. (f) Gene expression analysis of B16F10 cells incubated with Ad-CM. Three independent experiments were carried out
in triplicate. *Po0.05, **Po0.01, ***Po0.001. Ad-CM, adipocyte-conditioned media; BM, bone marrow; PBS, phosphate-buffered saline.

Figure 5 BM adipocytes might play a role in restoration of the osteolytic BM microenvironment. (a–d) Histomorphometric analysis of the proximal tibial
metaphysis. The difference values (D-values) were calculated using the data from the tumor-injected mice and the vehicle-injected mice. N.Oc/B.Pm,
osteoclast number/bone perimeter; BM, bone marrow; BV/TV, bone volume/total volume; Oc.S/BS, osteoclast surface/bone surface; Tb.Th, trabecular
thickness. All of the statistical data are shown as means ± s.e.m.; n= 5-6 per group. *Po0.05, **Po0.01.
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generate a population of pluripotent mesenchymal stem-like
CD45-ALCAM+ cells in the BM premetastatic niche via
follistatin like 1 (FSTL1) that more frequently differentiated
into mesenchymal lineages such as adipocytes and
osteoblasts.33 These observations support the idea that the
induced adipocytes might play a role in cancer development.
However, the delipidation of BM adipocytes were also
observed in vitro. The number of BM adipocytes diminished
during tumor cell progression in vivo, suggesting a dual effect
of tumor cells on BM adipocytes.

Our data suggest that the increased numbers of BM
adipocytes might be involved in the transient restoration of
the osteolytic BM microenvironment after melanoma cell
colonization. However, BM adipocytes that promote osteo-
clast differentiation are well documented in the
literature.13,22,27,34–36 Although there is controversy over the
impacts of adipocytes on osteoblasts and osteoclasts,27 our
observations suggest that BM adipocytes do not survive in a
highly osteolytic BM microenvironment. Moreover, the peak
in number of BM adipocytes occurred in a relatively intact
BM microenvironment in terms of osteoclast size/number
and trabecular bone volume.

In summary, our results support the concept that the
enhancement of adipogenesis by invasive tumors23,30 may
have a critical role in metastatic processes, including bone
metastasis. BM adipocytes might play a pivotal role in bone
metastasis by providing free fatty acids as an energy source for
metastasizing cancer cell survival and growth.24,29,37,38 How-
ever, the lack of studies aimed at addressing BM adipocytes
using lineage tracing or specific knockout mice precludes any
definitive conclusions. The specific factors from cancer cells
that are involved in inducing BM adipogenesis and its role in
bone metastasis also require further investigation. Never-
theless, the observations of the present study are important
because they provide insight into the cellular mechanisms
underlying bone metastasis and support the notion that BM
adipocytes are a potential therapeutic target for bone
metastases.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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