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ABSTRACT
Metabolic adaptation is increasingly recognized as a key factor in tumor
progression, yet its involvement in metastatic bone disease is not understood.
Bone is as an adipocyte-rich organ, and a major site of metastasis from prostate
cancer. Bone marrow adipocytes are metabolically active cells capable of shaping
tumor metabolism via lipolysis and lipid transfer. In this study, using in vitro and
in vivo models of marrow adiposity, we demonstrate that marrow fat cells promote
Warburg phenotype in metastatic prostate cancer cells. We show increased expression
of glycolytic enzymes, increased lactate production, and decreased mitochondrial
oxidative phosphorylation in tumor cells exposed to adipocytes that require paracrine
signaling between the two cell types. We also reveal that prostate cancer cells are
capable of inducing adipocyte lipolysis as a postulated mechanism of sustenance. We
provide evidence that adipocytes drive metabolic reprogramming of tumor cells via
oxygen-independent mechanism of HIF-1α activation that can be reversed by HIF1α downregulation. Importantly, we also demonstrate that the observed metabolic
signature in tumor cells exposed to adipocytes mimics the expression patterns seen in
patients with metastatic disease. Together, our data provide evidence for a functional
relationship between marrow adipocytes and tumor cells in bone that has likely
implications for tumor growth and survival within the metastatic niche.

INTRODUCTION

prostate cancers, which unlike other solid tumors do not
undergo the classical “glycolytic switch” [6, 7]. Instead,
these tumors generally exhibit activation of β-oxidation
pathways as the means of supporting tumor cell viability
under conditions of energy stress [8-11]. Primary prostate
cancer cells have unique abilities to exploit fatty acid
metabolic pathways to foster malignant transformation.
The uptake of lipids from the microenvironment,
aberrant de novo lipid synthesis and alterations in fatty
acid catabolism and steroidogenesis pathways are now
emerging as key mechanisms linking dysregulated lipid
metabolism in the primary prostate tumor with subsequent
progression and reduced survival [7, 12, 13]. In contrast
to the primary disease, however, the metabolic phenotype
of metastatic prostate cancers is not well-understood. The
acquisition of a glycolytic phenotype in advanced stages
of prostate cancer has been suggested by the reports of

Altered metabolic phenotype and the ability to adapt
and thrive in harsh microenvironments are features that
distinguish cancer cells from normal cells [1, 2]. It is
well-accepted that most tumor cells rely on accelerated
glucose metabolism for support of anabolic processes
such as lipid, protein and nucleic acid syntheses, and,
consequently, for growth and survival [3, 4]. This
phenomenon, known as the “Warburg Effect”, is one
of the hallmarks of cancer, and the glycolytic fueling
of growth is thought to be the key feature behind the
progression of most tumors [5]. However, it is becoming
increasingly apparent that the metabolic phenotype of
a cancer cell can vary depending on the tumor type and
the stage of the disease. The possession of a distinct
metabolic phenotype is especially evident in primary
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increased accumulation of fluorodeoxyglucose (FDG) [14]
and the immunohistochemical evidence of expression of
glycolytic markers and monocarboxylate transporters [15].
The mechanisms contributing to metabolic adaptation and
progression of metastatic prostate tumors in bone has not,
however, been previously explored and are not known.
Metastatic growth in bone is a complex process
involving reciprocal interactions between the tumor cells
and the host bone microenvironment. One of the most
abundant, yet overlooked components of the metastatic
marrow niche are the bone marrow adipocytes [16-18].
Adipocyte numbers in the marrow increase with age,
obesity and metabolic disorders [18-23], all of which are
also risk factors for metastatic disease [24-28]. We and
others have shown previously that marrow fat cells, as
highly metabolically active cells, can serve as a source
of lipids for cancer cells, and promote growth, invasion,
and aggressiveness of metastatic tumors in bone [16, 29,
30]. Based on the growing evidence from cancers that
grow in adipocyte-rich tissues, it is becoming apparent
that one way adipocytes can affect tumor cell behavior
is through modulation of cancer cell metabolism [31].
Although direct effects of adipocyte-supplied lipids
on tumor metabolism have not been investigated in the
context of metastatic prostate cancer, there have been
studies in other cancers demonstrating that some lipids do
have the ability to enhance the Warburg Effect in tumor
cells [32-36]. Reciprocally, tumor cells have been shown
to act as metabolic parasites by inducing lipolysis in
adipocytes [37, 38]. This is important in the regulation of
tumor metabolism as the lipolysis-generated glycerol can
feed into the glycolytic pathway [39-41] and the released
fatty acids can be oxidized through β-oxidation [42,
43]. As active and vital components of the bone-tumor
microenvironment, adipocytes are likely to be involved in
the metabolic adaptation of tumors in the metastatic niche;
however, the concept of metabolic coupling between
marrow adipocytes and tumor cells leading to metabolic
reprogramming in the tumor has not been explored before.
One of the principal mechanisms behind metabolic
reprogramming is hypoxic stress and activation of
hypoxia inducible factor (HIF) [44]. HIF-1 stimulates
the conversion of glucose to pyruvate and lactate
by upregulating key enzymes involved in glucose
transport, glycolysis, and lactate extrusion, and by
decreasing conversion of pyruvate to acetyl-CoA through
transactivation of pyruvate dehydrogenase kinase (PDK1)
and subsequent inhibition of pyruvate dehydrogenase
(PDH) [44]. Regulation of lactate dehydrogenase
(LDHa) and PDK1 by HIF-1 keeps the pyruvate away
from mitochondria, thus depressing mitochondrial
respiration [4]. Under normoxic conditions, HIF-1 is
rapidly degraded by the ubiquitin-proteasome pathway
[45]. Decreased oxygen availability prevents HIF-1
hydroxylation leading to its stabilization and activation
of downstream pathways [2]. In cancer cells, HIF-1
www.impactjournals.com/oncotarget

stabilization and activation can occur during normoxia
via multiple oxygen-independent pathways [46]. This
phenomenon, termed “pseudohypoxia”, is thought to
facilitate adaptation of tumor cells to harsh conditions
and to promote survival and resistance to therapy [4749]. Whether HIF-1-dependent signaling plays a role in
metabolic reprogramming of prostate tumor cells in bone
is not known.
The objective of this study was to elucidate the
role of bone marrow adiposity in the modulation of
tumor metabolism and adaptation within the bone
microenvironment. Using in vivo models of diet-induced
marrow adiposity in combination with in vitro models of
paracrine, autocrine, and endocrine signaling between
bone marrow adipocytes and prostate cancer cells, we
show that bone marrow adipocytes are responsible
for enhancing the glycolytic phenotype of metastatic
prostate cancer cells. We demonstrate that bidirectional
interaction between adipocytes and tumor cells leads to
increased expression of glycolytic enzymes, increased
lactate production, and decreased mitochondrial oxidative
phosphorylation in tumor cells via necessary cancer
cell-initiated paracrine crosstalk. We also reveal that the
observed metabolic signature in tumor cells exposed to
adipocytes mimics the expression patterns seen in patients
with metastatic disease. These results offer potential
mechanisms underlying the metabolic adaptation of
metastatic tumors in bone and implicate bone marrow
adipocytes, a cell type abundantly present in the skeleton,
especially in advanced age and obesity, as viable culprits
in the progression of this currently incurable disease.

RESULTS
In silico analysis of glycolysis-associated genes in
prostate cancer patients
The metabolic phenotype of primary prostate tumors
has been well-described [8-11]; however, its characteristics
in relation to the glycolytic pathway at the metastatic site
are not well-understood. Therefore, we first performed
an Oncomine analysis of primary and metastatic prostate
tumors and compared mRNA expression of genes that
encode for enzymes/proteins known to be involved in
different aspects of glucose metabolism and Warburg
metabolism. Specifically, thirteen available Oncomine
datasets were examined for the expression of genes
covering a broad spectrum of metabolic responses and
associated with glucose transport [glucose transporter 1
(GLUT1)], glycolysis [hexokinase 2 (HK2) and enolase 2
(ENO2)], Warburg metabolism [pyruvate dehydrogenase
kinase 1 (PDK1) and lactate dehydrogenase (LDHa)],
and hypoxia [carbonic anhydrase 9 (CA9) and vascular
endothelial growth factor (VEGF)]. Our analyses revealed
64855
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significant differences in the metabolic phenotype between
primary and secondary sites observable in several prostate
cancer datasets (Supplementary Table 1). The Grasso
Prostate dataset, which contains most metastatic samples,
showed the most significant upward changes in the
expression of PDK1, ENO2, HK2, GLUT1, and LDHa
(Figure 1A), as well as many other genes associated with
the glycolysis pathway (Supplementary Figure 1 and
Supplementary Table 1). Additional analyses of prostate
datasets available through cbioportal.com revealed that
copy number alterations/mutations/deletions in these
genes are infrequent in prostate cancer (Supplementary
Figure 2), pointing to the mRNA overexpression as the
main mechanism behind the acquisition of metabolic
phenotype. In addition to glycolytic markers, HIF-1 target
genes, CA9 and VEGF were also significantly upregulated
in metastatic tissue (Figure 1A, Supplementary Figure
1, and Supplementary Table 2). Since HIF-1 is well-

known to regulate glycolysis [44], these results further
underscored the apparent metabolic differences between
primary and secondary prostate cancer and prompted us to
investigate the contribution of the metastatic environment
to the tumor metabolic phenotype in bone.

Bone marrow adiposity contributes to the in vivo
glycolytic phenotype in prostate bone tumors
One important cell type credited with the ability to
alter tumor metabolism is the adipocyte, whose effects on
the phenotype of a tumor cell have been predominantly
reported for colorectal and ovarian cancers [32, 38, 50].
Given the abundance of adipocytes in bone marrow,
we hypothesized that they are likely to have similar
metabolism-modulating effects on metastatic prostate
cancer cells. To study effects of marrow fat cells on

Figure 1: Warburg Effect-associated genes are upregulated in patients with metastatic prostate cancer and in bone
tumors from mice with enhanced marrow adiposity. A. Oncomine gene analysis comparing the expression of metabolic genes
[VEGFA, PKM2, HK2, PDK1, CA9, SLC2A1 (GLUT1), ENO2, LDHA] in patient samples collected from metastatic or primary sites. Data
were ordered by ‘overexpression’ and the threshold was adjusted to P-value < 1E-4; fold change, 2 and gene rank, top 10%. B. Taqman RTPCR (Life Technologies) analysis of expression of Warburg Effect-associated genes ENO2, LDHa, PDK1, HK2 and GLUT1 in PC3 (left)
and ARCaP(M) (right) bone tumors or C. subcutaneous tumors from LFD- and HFD-fed mice. Data were normalized to human EPCAM
and represent a mean of a minimum of 3 mice/group ± SD. Values * P < 0.05; ** P < 0.01 are considered statistically significant.
www.impactjournals.com/oncotarget
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prostate tumor growth and progression in bone, we
utilized a well-documented approach of inducing marrow
adiposity with high fat diet (HFD) [18, 29, 51, 52]. We
have shown previously that intratibial implantation of
prostate cancer cells into this model results in accelerated
tumor growth and extensive bone destruction, suggesting
potential tumor-supportive effects of marrow adipocytes
[29, 53]. To determine whether this adiposity-driven tumor
progression in bone is associated with an altered metabolic
phenotype, we analyzed mRNA expression of glycolysisassociated genes in intratibial PC3 and ARCaP(M) tumors
from low fat diet (LFD) and HFD mice using humanspecific Taqman probes. Our results revealed significantly
increased transcript levels of PDK1, ENO2, HK2, GLUT1,
and LDHa in tumors grown under conditions of HFD-

induced marrow adiposity (Figure 1B), whereas the levels
of mitochondrial enzymes citrate synthase (CS) and
isocitrate dehydrogenase 2 (IDH2), remained unaffected
by diet-induced marrow adiposity (Supplementary Figure
3). Notably, this enhanced glycolytic phenotype was also
observed in bone tumors from mice, in which marrow
adiposity was induced with HFD, but the animals were
switched to LFD upon tumor implantation into the tibia
(Supplementary Figure 4). This approach allowed for
tumor growth in adipocyte-rich marrow without systemic
effects of HFD and revealed that expression of Warburg
genes in tumor cells does not appear to be a direct effect of
HFD. Furthermore, in contrast to bone tumors, expression
of glycolysis-associated genes was not significantly altered
in subcutaneous tumors from HFD mice in comparison to

Figure 2: Bone marrow adipocytes enhance a glycolytic phenotype of prostate cancer cells in direct co-culture and in
transwell co-culture in vitro. A. Schematic representation of a direct co-culture of tumor cells and bone marrow adipocytes. B. Taqman

RT-PCR analysis of ENO2, LDHa, PDK1, HK2, and GLUT1 expression in PC3 (Top) and ARCaP(M) (Bottom) cells cultured directly
with bone marrow adipocytes. Data are normalized to HPRT1 and shown relative to control. C. Schematic representation of transwell cocultures of tumor cells and bone marrow adipocytes. D. Taqman RT-PCR of ENO2, LDHa, PDK1, HK2, and GLUT1 expression in PC3
(top) and ARCaP(M) (bottom) in transwell co-culture. E. Western blot for ENO2, LDHa, HK2, phospho-PDH, and PDK1 in PC3 (left) and
ARCaP(M) (right) exposed to bone marrow adipocytes in transwell co-culture. Beta-actin was used as loading control. F. Analysis of lactate
secreted (Abcam) by PC3 (left) and ARCaP(M) (right) cells exposed to bone marrow adipocytes in transwell co-culture. Results represent
a mean of at least 3 independent experiments ± SD. Values * P < 0.05; ** P < 0.01, *** P < 0.001 are considered statistically significant.
www.impactjournals.com/oncotarget
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LFD mice (Figure 1C), despite the fact that HFD enhanced
the growth and progression of these tumors, as we have
demonstrated previously [29]. Collectively, these findings
suggest that Warburg metabolism might be especially
important for prostate tumor progression in bone and
implicate marrow adiposity as a potential regulator of
metabolic adaptation in the skeleton.

First, using human-specific Taqman RT PCR probes, we
examined the expression of glycolytic markers ENO2,
LDHa, PDK1, HK2, and GLUT1 in PC3 and ARCaP(M)
cells grown in direct contact co-culture with bone marrow
adipocytes (Figure 2A). Transcript levels of nearly all
investigated markers were significantly increased in tumor
cells grown in co-culture as opposed to those cultured
alone (Figure 2B). Next, to determine if this change in
metabolic phenotype requires direct interaction with
adipocytes, we employed a transwell system in which
adipocytes were differentiated in the bottom chamber
and tumor cells were then plated on top of the insert and
cultured together for 48 hours. This allowed the two cell
types to share the media without direct interaction (Figure
2C). Mirroring the findings from the direct co-culture,
gene expression of ENO2, LDHa, PDK1, HK2, and

Bone marrow adipocytes alter the metabolism of
prostate cancer cells in vitro
To determine if the glycolytic phenotype observed
in intratibial tumors in vivo is indeed a direct effect of
bone marrow adipocytes and to specifically investigate the
mechanisms behind this metabolic regulation, we utilized
in vitro models of tumor cell-adipocyte interactions.

Figure 3: Paracrine signaling between PCa cells and bone marrow adipocytes is required for the induction of glycolytic
gene and protein expression in PCa cells. A. Schematic representation of tumor cells treated with media conditioned by bone marrow
adipocytes (Adipo CM). B. Taqman RT-PCR analysis of ENO2, LDHa, PDK1, HK2, and GLUT1 in PC3 (top) and ARCaP(M) (bottom)
cells in the presence or absence of Adipo CM. Data are normalized to HPRT1 and shown as increase relative to control. C. Schematic
representation of tumor cell- adipocyte co-culture system (CCM). D. Taqman RT PCR analysis of mRNA expression of ENO2, LDHa,
PDK1, HK2, and GLUT1 in PC3 (top) and ARCaP(M) (bottom) cells in the presence of CCM. E. Western blot analysis of ENO2, LDHa,
HK2, and phospho-PDH in PC3 (left) and ARCaP(M) (right) in the presence of CCM. Beta-actin was used as a loading control (bottom).
Results represent a mean of at least 3 independent experiments ± SD. Values * P < 0.05; ** P < 0.01 are considered statistically significant.
www.impactjournals.com/oncotarget
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GLUT1 was significantly increased in both PCa cell lines
co-cultured with marrow adipocytes (Figure 2D). Notably,
PCa cells grown in transwell co-culture with bone marrow
stromal cells that were not induced to differentiate into
adipocytes had no effect on the expression of glycolysisassociated genes (Supplementary Figure 5), suggesting
that this observed metabolic switch in tumor cells is
indeed adipocyte-driven. This enhancement of a glycolytic
phenotype upon interaction with adipocytes was confirmed
by the marked increases in the protein expression of
ENO2, LDHa, PDK1, and HK2 (Figure 2E). We also
observed increased levels of phosphorylated pyruvate
dehydrogenase (p-PDH) in cells grown in transwell coculture, which indicates elevated PDK1 activity and a shift
in glucose metabolism from pyruvate to lactate (Figure

2E). To test this functionally we performed lactate analyses
of media conditioned by the tumor cells in the absence or
presence of adipocytes as a conventional, well-accepted
approach for measuring extracellular acidification and
glycolytic shift [54, 55]. Our results revealed significant
increases in lactate secretion by the tumor cells exposed to
adipocytes (Figure 2F), while contribution of adipocytes to
lactate secretion was not significant (data not shown). This
provided further evidence of acquired Warburg phenotype
in tumor cells exposed to adipocytes. We also observed an
augmented expression of glycolytic genes in other prostate
cell lines (i.e., DU145 and C4-2B) grown in transwell coculture with fat cells (Supplementary Figure 6), confirming
the important contribution of marrow adipocytes to the
metabolic phenotype of prostate tumors in bone.

Figure 4: Decreased oxidative phosphorylation in prostate cancer cells exposed to bone marrow adipocyte-derived
factors. A. Seahorse XFe24 analyzer (Seahorse Bioscience) analysis of the oxygen consumption rate (OCR) in PC3 (top) and ARCaP(M)
(bottom) cells upon 12- and 24-hour incubation in the absence or presence of CCM. B. Mitochondrial membrane potential measured via
JC-1 fluorescence. C. Taqman RT-PCR analysis of oxidative phosphorylation genes isocitrate dehydrogenase 2 (IDH2) and citrate synthase
(CS) after 12 and 24 hours in culture in the absence or presence of CCM. Data are normalized to HPRT1 and shown relative to control. D.
ATP levels in PC3 (top) and ARCaP(M) (bottom) cells cultured in the absence or presence of CCM. Significant decrease in ATP levels was
observed after 12 hours. CCM exposure had no effect on viability as shown by Calcein AM assay E. and JC-1 apoptosis analyses F. Values
*P < 0.05; **P < 0.01 are considered statistically significant.
www.impactjournals.com/oncotarget
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The fact that both direct and transwell co-culture
with adipocytes induced a glycolytic phenotype in
tumor cells suggested that this process does not require
physical interaction between the tumor cells and
adipocytes. Therefore, we next examined whether the
media conditioned by the marrow adipocytes alone
(Adipo CM; Figure 3A) can bring on similar metabolic
changes in tumor cells as observed in transwell co-culture.
Interestingly, no changes in the mRNA expression of
ENO2, LDHa, PDK1, HK2, and GLUT1 were observed
in either of the PCa cell lines in response to Adipo CM
(Figure 3B). However, when the adipocytes were directly
co-cultured with PC3 or ARCaP(M) cells for 24 hours
prior to the collection of conditioned media, and then the
co-culture conditioned media was used to treat the tumor
cells (Adipo CCM; Figure 3C), a significant upregulation
of glycolysis-associated genes was observed in both
tumor lines (Figure 3D). This altered gene expression was
mirrored by the increased levels of glycolysis-associated
proteins (Figure 3E), suggesting that paracrine signaling
is required between the adipocytes and tumor cells for
the subsequent metabolic shift towards the glycolytic
phenotype. Interestingly, inactivation of proteins in the
co-culture media by boiling did not reduce the expression
of glycolytic genes (Supplementary Figure 7), suggesting
that the observed Warburg phenomenon might be driven
by lipid rather than protein mediators.

Since oxidative phosphorylation is much more
efficient at producing copious amounts of ATP than
glycolysis, a decrease in OXPHOS activity should
expectedly result in a depletion of cellular ATP levels.
Indeed, exposure of PC3 and ARCaP(M) cells to Adipo
CCM for 12 hours led to a significant decrease in ATP
concentration; however, further exposure to Adipo CCM
for up to 24 hours led to a rescue of cellular ATP further
suggesting an enhanced glycolytic phenotype upon
Adipo CCM treatment (Figure 4D). This was further
confirmed by additional recovery of ATP levels with 48hour exposure to Adipo CCM (Supplementary Figure 8).
It is important to note that the reduction in cellular ATP
levels at 12 hours was not due to an enhanced proliferation
induced by Adipo CCM as the Calcein AM assay showed
no significant differences in cell numbers or viability of
Adipo CCM-treated cells compared to cells grown under
control conditions (Figure 4E). The uncompromised
viability of Adipo CCM-treated tumor cells at 12 or 24
hours was further confirmed by the apoptosis assay
showing no differences between control and Adipo CCMtreated cells (Figure 4F).

Prostate cancer cells stimulate lipolysis in
adipocytes
Adipocytes store triglycerides and hydrolyze
them into glycerol and free fatty acids via the process of
lipolysis [37] and lipolysis-generated glycerol can feed
into the glycolytic pathway [39-41]. Based on the abovepresented evidence that bone marrow adipocytes induce
metabolic changes in tumor cells, and the fact that these
changes appear to require paracrine interaction between
the two cell types, we sought to investigate whether this
could be due to tumor cell-induced lipolysis in adipocytes,
as previously demonstrated in ovarian cancer [38]. We
have shown previously that exposure to adipocyte-derived
factors leads to lipid accumulation by prostate tumor
cells [29] and lipids have been shown to contribute to the
Warburg phenotype in tumor cells [32-36]. Indeed, our
analysis of media from marrow adipocytes grown alone
or in a transwell co-culture with tumor cells revealed
significant increases in free glycerol levels under coculture conditions (Figure 5A). Similar changes were
observed when adipocytes were treated with media
conditioned by PC3 or ARCaP(M) cells (Figure 5B). The
master regulator and the rate-limiting enzyme driving
lipolysis in adipocytes is adipose triglyceride lipase
(ATGL) [57, 58]. Our analysis of gene expression of ATGL
in adipocytes co-cultured with tumor cells or exposed
to tumor cell-conditioned media showed significant
upregulation indicating an induction of a lipolytic
phenotype (Supplementary Figure 9) and suggesting that
tumor cells may be secreting factors that induce lipolysis
in fat cells. We next utilized a selective ATGL inhibitor

Functional evidence of enhanced glycolytic
phenotype in response to marrow adipocytes
The increased expression of glycolytic genes
and proteins in tumor cells exposed to adipocytes, and
significantly elevated levels of lactate in transwell cocultures, clearly indicated augmented glycolytic activity
in tumor cells interacting with adipocytes. An enhanced
glycolytic phenotype in cells undergoing Warburg
metabolism can often be associated with dysfunction in
mitochondrial activity and consequently reduced rates of
oxidative phosphorylation (OXPHOS) [56]. To determine
if this is true in our system we performed an XFe Seahorse
analysis in tumor cells grown in the absence or presence
of Adipo CCM and used oxygen consumption rate (OCR)
as a tool to quantify OXPHOS. Significantly reduced OCR
was detected in both PC3 and ARCaP(M) cells exposed
to Adipo CCM for 12 hours. (Figure 4A). A decrease in
OCR was also observable at 24 hours and did not appear
to be due to a reduction in mitochondrial integrity, since
there were no significant changes in JC-1 fluorescence,
indicating that membrane matrices remained intact (Figure
4B). This was further supported by the lack of significant
changes in expression of two mitochondrial enzymes, CS
and IDH2 in PCa cells exposed to Adipo CCM (Figure
4C), a result mirroring their unaltered expression in vivo
(Supplementary Figure 3).
www.impactjournals.com/oncotarget
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Figure 5: Prostate cancer cells stimulate lipolysis in bone marrow adipocytes. Free glycerol release from adipocytes in
transwell co-culture with PC3 or ARCaP(M) cells A. or adipocytes treated with conditioned media from PC3 and ARCaP(M) cells B. C.
Free glycerol release by adipocytes cultured alone or in transwell with tumor cells in the absence or presence of 10µM Atglistatin. Samples
were measured in triplicate and are representative of three separate experiments (shown as percent control). Data are shown as the mean
± SD. D. Intracellular triglyceride (TG) levels were measured in adipocytes cultured alone or in transwell with PC3 cells. Measurements
were done in triplicate and are representative of three separate experiments. Data are shown as µmoles TG/µg protein in cell lysates (Mean
± SD). Values *P < 0.05; *** P < 0.001, and ****P < 0.0001, are considered statistically significant.
www.impactjournals.com/oncotarget
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Atglistatin, known to effectively block lipolysis in
adipocytes [59] and recently shown to attenuate the growth
of cancer cells [60]. A complete abrogation of free glycerol
release by 10 μM Atglistatin (Figure 5C), mirrored by an
accumulation of un-hydrolyzed triglycerides (Figure 5D)
was observed for fat cells cultured in the absence of tumor
cells. A very effective (~80%), but not absolute, reduction
in free glycerol levels was also observed in transwell
co-cultures (Figure 5C). This incomplete inhibition of
lipolysis in adipocytes grown in transwell co-cultures was
reflected in overall lower triglyceride levels as compared
to adipocytes grown alone (Figure 5D). This suggests a
dynamic, paracrine interaction between the two cell types
that results in ongoing hydrolysis, uptake and release of

lipids.

Inhibition of lipolysis in adipocytes is not sufficient
to reverse WARBURG phenotype in tumor cells
Since lipolysis-generated glycerol can incorporate
into the glycolytic pathway, we went on to determine
whether inhibition of adipocyte ATGL with Atglistatin
could reverse the Warburg phenotype in tumor cells.
Our previous studies have shown that prostate tumor
cells are capable of taking up adipocyte-supplied lipids
[29]. To determine if this uptake can be reduced by
inhibitors of lipolysis, we treated the tumor cells grown
alone or in transwell co-culture with Atglistatin and

Figure 6: Atglistatin does not prevent lipid accumulation by the tumor cells and is not sufficient to prevent the induction
of Warburg phenotype. A. Immunofluorescence imaging of lipid droplets (BODIPY 493/503 nm) in PC3 cells alone (left panels) or
in transwell co-culture with bone marrow adipocytes (right panels) and in the presence or absence of 10µM Atglistatin. DAPI was used as
a nuclear stain; 40x images. Bar 100µm. B. Fluorescent intensity of the BODIPY 493/503 staining was quantified using Volocity (Perkin
Elmer, Waltham, MA) and shown relative to PC3 cells alone. Results represent a mean of at least 3 independent experiments ± SD. C.
Taqman RT-PCR analysis of ENO2, HK2, and PDK1 in PC3 cells in transwell co-culture in the absence or presence of 10µM Atglistatin.
Data are normalized to HPRT1 and shown relative to control. Values *P < 0.05 are considered statistically significant.
www.impactjournals.com/oncotarget
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performed BODIPY staining (Figure 6A). In agreement
with our previous results [29], significantly increased
lipid labeling was observed in tumor cells exposed to
adipocytes in transwell co-culture (Figure 6A, right
panels). Interestingly, treatment with Atglistatin had little
effect on adipocyte-induced lipid uptake, as demonstrated
by sustained BODIPY fluorescence (Figure 6A and 6B).
This was further confirmed by significantly increased
gene expression of lipid droplet marker perilipin 2
and lipid transporter CD36 in tumor cells exposed to
adipocytes both in the absence and presence of Atglistatin
(Supplementary Figure 10A).
Consistent with limited effects of adipocyte ATGL
inhibition on lipid uptake by the tumor cells, only modest
reduction in mRNA levels of ENO2 and HK2 was revealed
indicating limited impact on glycolytic phenotype in the
tumor cells. Even more surprisingly, the presence of
Atglistatin in transwell co-cultures led to a small, but
significant increase in the expression of PDK1 (Figure
6C). This upregulation at the gene level corresponded
to sustained higher levels of p-PDH at the protein level,
suggestive of enhanced PDK1 activity in tumor cells
interacting with adipocytes (Supplementary Figure
11). Interestingly, in addition to the effects on PDK1,
Atglistatin treatment increased the expression of lipid
transporter fatty acid binding protein 4 (FABP4) in tumor
cells grown in transwell with adipocytes (Supplementary
Figure 11). We have shown previously that FABP4
levels are significantly induced in tumor cells exposed
to adipocyte-derived factors [29]. Given the known
role of FABP4 in lipid transport and hydrolysis [61], its
apparent induction by the inhibitors of lipolysis suggests a
potential feedback response by tumor cells overwhelmed
with adipocyte-supplied lipids. It is noteworthy that the
expression of tumor-derived monoacyl glycerol lipase
(MAGL), a lipase previously implicated in prostate cancer
progression [62, 63], was also induced in response to
adipocytes and persisted upon inhibition of adipocyte
ATGL with Atglistatin, suggesting an additional possible
compensatory mechanism in tumor cells that might be
contributing to the adipocyte-driven metabolic phenotype
(Supplementary Figure 10A).

microenvironment, we analyzed the mRNA levels of
HIF-1α target genes, CA9 and VEGF, in intratibial PC3
tumors from LFD- or HFD-fed mice. Both target genes
were significantly upregulated in bone tumors from mice
on HFD as compared to LFD mice (Figure 7A), a result
that complemented a significant increase in the levels
of GLUT1 (Figure 1B), another direct target of HIF-1α
activity [65]. Notably, no difference in CA9 and VEGF
expression between LFD and HFD conditions was
observed in subcutaneous tumors (Figure 7B), in line
with our earlier finding demonstrating that an increase
in GLUT1 and augmented levels of other glycolysisassociated genes are observable only in metastatic tumors
but not in primary tumors in PCa patients (Figure 1A),
and in bone tumors but not in subcutaneous tumors
in mice (Figure 1B and 1C). We next performed an
immunohistochemical analysis of CA9 expression (Figure
7C-7G). Our results showed weak, diffuse CA9 staining
in bone tumors from LFD mice (Figure 7C, 7D), whereas
an abundance of CA9 protein with its typical membrane
localization was detected in tumors from HFD mice
(Figure 7E, 7F), a result further confirming a glycolytic
phenotype of bone tumors under conditions of high
marrow adiposity.
To determine whether bone marrow adipocytes
are in fact capable of activating HIF-1α in PCa cells,
we examined the expression of CA9 and VEGF in PC3
cells under transwell conditions. Indeed, expression
of both genes was highly increased in cells grown in
transwell co-culture with adipocytes (Figure 8A, 8B). In
addition, immunofluorescence analysis of CA9 protein
revealed a significant increase in expression and typical
membrane localization of CA9 in PC3 cells exposed to
adipocytes (Figure 8C-8G). Notably, adipocyte treatment
with Atglistatin had no effect on CA9, VEGF or GLUT1
expression in PC3 cells (Supplementary Figure 10B),
suggesting that inhibition of adipocyte lipolysis is not
sufficient to reverse adipocyte-driven HIF-1α activation
in tumor cells and offers a potential explanation for the
persisting glycolytic phenotype.

HIF-1α knockdown inhibits acquisition of a
glycolytic phenotype in PCa cells exposed to
adipocytes

Marrow adipocytes induce HIF-1α signaling in
prostate tumor cells

Activation and stabilization of HIF-1α is known
to be a major event in metabolic transformation to a
glycolytic phenotype [44]. Indeed, culture of PC3 cells
under hypoxic (1% oxygen) conditions or treatment with
HIF-1α inducer CoCl2 (Figure 9A and 9B) efficiently
increase the expression of glycolytic genes to levels
comparable to those observed in tumor cell-adipocyte cocultures (Figure 2B). This suggests that adipocyte-driven
Warburg phenotype in tumor cells is likely a downstream
effect of HIF-1α activation under normoxic conditions.

One of the major mechanisms behind metabolic
re-programming towards a glycolytic phenotype is the
activation of HIF-1α signaling [44]. Hypoxia has been
linked with aggressiveness and metastatic progression
in prostate cancer [64] and we have shown previously
that HIF-1α gene expression is increased in prostate
bone tumors from HFD mice as compared to LFD mice
[29]. To determine whether bone marrow adiposity
might be contributing to HIF-1α activation in the bone
www.impactjournals.com/oncotarget
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Figure 7: Bone marrow adiposity enhances HIF-1α signaling in PCa cells in vivo prostate bone tumors. Taqman RT-PCR

analysis of CA9 and VEGF in PC3 cells grown intratibially A. and subcutaneously B. in LFD and HFD fed mice. Data are normalized to
EPCAM and shown relative to LFD tumors. C.-G. Immunohistochemical (NovaRED) staining for CA9 protein in prostate bone tumors
from mice on LFD C. and HFD E., 10x images D.,F. High magnification (40x) images depicting membrane CA9 localization in HFD F.
but not LFD D. tumors. G. No primary antibody control. Bar, 100µm.
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Figure 8: Bone marrow adipocytes activate HIF-1α signaling in PCa cells in vitro. Carbonic anhydrase 9 (CA9; A. and VEGF
B. gene expression (Taqman RT PCR) in PC3 cells in transwell co-culture with bone marrow adipocytes. Data are representative of at least
3 separate experiments, normalized to HPRT1 and shown relative to tumor cells cultured alone. Values *P < 0.05 are considered statistically
significant. C.-G. Immunofluorescence staining of CA9 (green fluorescence) in PC3 cells grown alone (left) or in transwell co-culture with
bone marrow adipocytes (right); DAPI (blue) was used as nuclear dye; 63x images. Bar, 50µm. G. No primary antibody control
www.impactjournals.com/oncotarget
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Figure 9: siRNA-mediated knockdown of HIF-1α abrogates bone marrow adipocyte-induced Warburg phenotype in
PC3 cells. A. Taqman RT-PCR analysis of CA9, ENO2, LDHa, HK2, PDK1, GLUT1, and VEGF in PC3 cells cultured in normoxia (20%

O2) or hypoxia (1% O2) B. mRNA expression of CA9, ENO2, LDHa, HK2, PDK1, GLUT1, and VEGF in response to treatment with 150 µM
CoCl2. C. mRNA levels of HIF-1α in PC3 cells grown under control conditions or treated with 20 µM scrambled siRNA, or 20 µM HIF-1α
siRNA. D. Taqman RT-PCR analysis of the expression of HIF-1α target gene CA9 to further confirm HIF-1α knockdown from cells grown
in the presence or absence of adipocytes. E-G: Effect of HIF-1α knockdown on the mRNA expression of glycolysis associated genes: PDK1
E., LDHA F., and ENO2 G. Data are the mean of analyses with 2 different siRNA constructs done in triplicate. Values *P < 0.05; **P <
0.01, and ***P < 0.001 are considered statistically significant.
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To test this, we downregulated HIF-1α in PC3 cells by
siRNA and cultured control and knockdown cells alone or
in transwell with marrow adipocytes (Figure 9C, 9D). A
significant reduction in HIF-1α activity in siRNA-treated
cells was evident by almost complete abrogation of CA9
expression (Figure 9D). This coincided with reduced
expression of glycolytic genes PDK1, LDHA and ENO2
(Figure 9E-9G). Analogous to PC3 cells, ARCaP(M)
cells also showed HIF-1α activation upon exposure to
adipocytes, as evidenced by the increases in CA9 mRNA
expression, which is otherwise undetectable under control
conditions (Supplementary Figure 12A). Exposure to
adipocytes also led to augmented expression of VEGF
(Supplementary Figure 12B), as well as increased GLUT1
(Figure 2B). Upon siRNA-mediated knockdown of HIF1α (Supplementary Figure 12C), expression of CA9,
PDK1, LDHA and ENO2 was significantly reduced
(Supplementary Figure 12D-12G), further underscoring
the importance of HIF-1α signaling in marrow adipocytedriven metabolic adaptation of PCa tumors in bone.

can have on tumor aggressiveness and survival within
a harsh metastatic niche [74, 75]. Glycolysis is not the
most effective way, but it is the quickest way of creating
ATP that allows the tumor cells to efficiently gain
metabolic autonomy in the tumor microenvironment
[75]. It permits the continuous supply of nutrients for
biosynthetic processes, protection from oxidative stress,
and, potentially, an activation of survival pathways
[76, 77]. Warburg metabolism is often associated with
a more hypoxic tumor signature, which is also a very
well-documented facilitator of tumor aggressiveness and
chemoresistance [78-81]. Glycolytic enzymes, such as
ENO2, LDHa, PDK1, and HK2, and proteins involved in
glucose uptake, such as GLUT1, are all regulated through
HIF-1α [82-84]. In hypoxia, HIF-1α compromises oxygenconsuming OXPHOS by inducing the expression of PDK1
and preventing conversion of pyruvate into acetyl-CoA
[85, 86]. The resulting production and secretion of lactate
by highly glycolytic cells is known to increase tumor
invasion, but it can also serve as an alternative carbon
source for surrounding oxygenated cells [87]. Hypoxia
is also known to induce acidosis via increased acid load
in the tumor microenvironment, a process that leads to
upregulation of enzymes, such as carbonic anhydrase 9
(CA9), that can regulate extracellular pH allowing the
tumor cells to thrive in the acidic microenvironment.
[75]. It is the membrane-bound CA9, whose expression
correlates with aggressive disease and poor survival in
many cancers [75], that is thought to modulate pH through
the interaction with bicarbonate transporters on the cell
surface [88]. Notably in our study, evidence of clearly
increased CA9 expression in human metastatic prostate
cancer samples and experimental bone tumors from HFD
mice, together with immunocytochemical data showing its
surface expression in response to adipocytes, suggest that
metastatic PCa cells might be utilizing CA9-dependent
mechanisms to adapt and grow in the metastatic niche.
Bone tissue is intrinsically hypoxic [89, 90], with
O2 concentrations ranging from ~1.3 to 3% based on the
proximity to the vessels and distance from the endosteum
[91]. This makes bone an environment already prone to
hypoxic stress. Our data presented herein show that PCa
cells exposed to low oxygen concentration in a hypoxia
chamber show the same glycolytic phenotype as cells
interacting with marrow adipocytes under normoxic
conditions. This suggests that adipocytes promote oxygenindependent mechanism of HIF-1α activation in PCa cells,
known as ‘pseudohypoxia’ [49, 92, 93]. HIF-1α, under
some circumstances, can be directly activated in welloxygenated microenvironments [94], or its activation
and stabilization can be a consequence of mutations in
metabolic genes [49, 95]. The mechanisms behind its
regulation by bone marrow adipocytes are currently
unknown and are subject of ongoing investigations in our
laboratory.
One important consequence of hypoxia is the

DISCUSSION
Adipocytes are metabolically active cells with
the ability to regulate the phenotype and function of
neighboring cancer cells through the processes of lipid
transfer and lipolysis [6, 38, 66-68]. They have been
linked to metabolic reprogramming and tumor progression
in a handful of cancers, including tumors of breast, ovaries
and colon, all with tendencies to grow in fat-enriched sites
[6, 69-72]. In the context of prostate cancer, adipocytes
from visceral and periprostatic tissues have been linked to
the progression of localized disease [6, 73]. The data have
been lacking, however, on how adipocytes that occupy
bone marrow space might be influencing the metabolism
and consequently the progression of prostate tumors that
have colonized this fat-enriched metastatic niche. The
results presented above reveal an important contribution
of bone marrow adipocytes to the metabolic phenotype
of metastatic PCa tumors. We show that marrow fat
cells are capable of inducing the glycolytic phenotype in
PCa cells through paracrine upregulation of glycolytic
enzymes, increases in lactate secretion and reduction in
oxidative phosphorylation. We also demonstrate that
tumor cells are able to modulate the metabolism of a fat
cell. They do so by stimulating adipocyte lipolysis in the
effort of utilizing the fat cell-supplied lipids to fuel the
glycolytic pathway. This speaks to the importance of the
supportive host microenvironment in tumor progression
and demonstrates the metabolic coupling between the
tumor cells and host adipocytes. This adipocyte-tumor cell
interaction ultimately shapes the metabolism of the tumor
cell allowing for the adaptive survival in the metastatic
niche [31].
We focused on metabolism because of the important
selective advantage an enhanced glycolytic phenotype
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a process that could be promoting tumor cell survival via
inhibition of intrinsic apoptosis in response to adipocytesupplied factors.
In this study we utilized an intratibial model
of intraosseous tumor growth, a widely used in vivo
experimental system designed to specifically study tumorbone interactions, and tumor growth and expansion in
the bone microenvironment [108-110]. We and others
have used this system previously in combination with
diet induced obesity (DIO) models to study effects of
marrow adiposity on tumor progression in bone [29, 53,
111]. The DIO model is a well-documented approach to
induce marrow adiposity [18, 29, 51, 52] and we have
previously shown that eight-week exposure to HFD
significantly augments adipocyte numbers in this system
[29, 53]. We do acknowledge we cannot exclude potential
systemic consequences of the diet itself on both the tumor
growth and metabolic phenotype in bone. There is an
ongoing debate on the role of dietary lipids in prostate
cancer development and progression [112, 113] and
future studies utilizing genetic models of obesity and
age-induced models of marrow adiposity will provide
a more detailed understanding of adipocyte impact on
metabolic adaptation and survival of tumor cells in the
bone marrow niche. An additional value will be added by
the comparative metabolic profiling of experimental bone
prostate tumors and orthotopic primary prostate tumors.
The rationale for our study was based on the
Oncomine analyses of human prostate cancer samples
suggesting clearly distinct metabolic phenotype of
metastatic sites as compared to primary tumors. We
recognize that currently available datasets do not allow
for distinction of bone metastases from other potential
metastatic sites. However, given the fact that more than
80% of metastatic patients present with bone lesions, it
is highly likely that majority of these tumors represent
skeletal lesions. Limited availability of bone metastatic
tissues is certainly an ongoing, unresolved issue in prostate
cancer research. We believe that this distinct metabolic
phenotype in metastatic tissues revealed by our Oncomine
analyses provides an important starting point for future
studies investigating the contribution of tumor metabolism
to progression and survival of metastatic prostate tumors
in the bone microenvironment.
Metabolic requirements of a tumor cell are much
more complex than previously appreciated and they
likely involve multiple pathways and nutrients that aid in
malignant transformation and progression [114]. There is
also no doubt that metabolic adaptation and consequent
growth and survival of a tumor is the result of a complex
interaction between the cancer cell and the surrounding
host microenvironment. Data presented herein reveal
marrow adipocytes as important players involved in
shaping tumor metabolism in bone. To our knowledge,
this is the first study demonstrating the importance of
bi-directional interactions between marrow fat cells and

induction of HIF-1α-mediated accumulation of lipid
droplets in tumor cells [96]. Hypoxic tumor cells
have been recently shown to bypass lipogenesis and
to rely on scavenging of unsaturated lipids from the
microenvironment [97, 98].
Hypoxia has also been linked to the upregulation of
proteins that stabilize the integrity of lipid droplets, such
as perilipin and adipose differentiation-related protein
(ADRP), as well as members of the FABP4 family of
lipid transporters [96]. This is of relevance to our study,
as hypoxia and glycolytic phenotype in our PCa cells
interacting with adipocytes coincide with both an enhanced
lipid uptake and an upregulation of lipid transporters and
lipid droplet markers. Whether HIF-1α activation is a
cause or a consequence of lipid accumulation in metastatic
tumor cells remains to be uncovered. It is plausible that the
initial exposure to adipocyte-supplied lipids triggers HIF1α stabilization and that consequent activation of HIF-1α
signaling leads to further lipid uptake, perpetuating the
hypoxic and glycolytic phenotype in tumor cells. The
fact that hypoxia-mediated effects persist even upon the
inhibition of adipocyte-driven lipolysis speaks to the
importance of HIF-1α signaling in driving the Warburg
phenotype in tumor cells. The mechanism by which tumor
cells exposed to adipocytes in the presence of ATGL
inhibitor continue to accumulate and utilize fat cellsupplied lipids remains to be elucidated. One potential
player in this process might be the MAGL, an enzyme
implicated in lipid remodeling and scavenging by tumor
cells and shown recently to be associated with aggressive
phenotype of PCa cells [62, 63, 99].
Although the acquisition of a glycolytic phenotype
appears to be the predominant metabolic change in PCa
cells in response to marrow adipocytes, it is important
to mention that some of the glycolytic enzymes we see
upregulated in response to fat cells are also known to have
non-glycolytic functions that are important for tumor cell
growth and survival. Specifically, hexokinase-2 (HK2),
an enzyme critical for first step of glycolysis, elicits its
functions by binding to the outer mitochondrial membrane
protein voltage-dependent anion channel (VDAC). This
allows for receipt of newly synthesized ATP and rapid
and efficient production of glucose-6-phosphate, which
contributes not only to the glycolytic pathway but also to
metabolite synthesis in the pentose-phosphate pathway
and TCA cycle, both important for tumor growth and
proliferation [100-103]. Intriguingly, interaction of HK2
with VDAC prevents pro-apoptotic proteins such as
BAX and BAD from binding to the mitochondrial pores
to facilitate apoptosis resulting in cells that are more
resistant to cell death and chemotherapy [104-106].
Because around 80% of total HK2 is reported to be bound
to the mitochondrial VDAC [107], and because we see
elevated levels of HK2 in tumor cells that are exposed to
bone marrow adipocytes, it is plausible to expect that the
mitochondrial binding of HK2 is occurring in PCa cells,
www.impactjournals.com/oncotarget
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tumor cells in activating HIF-1α signaling and driving
the Warburg phenotype in metastatic prostate cancer
cells. Adipocyte-supplied factors have been shown to
enhance glycolysis in primary cancer cells and render
them more aggressive and resistant to therapy [115-118].
Understanding the molecular mechanisms behind this
metabolic regulation in bone is of critical importance in
terms of potential treatment options for metastatic disease.

to the brain [120], were purchased from American
Type Culture Collection (ATCC; Manassas, VA). The
ARCaP(M), an Androgen-Repressed Metastatic Prostate
Cancer Cells M (‘Mesenchymal’ Clone) [121] were
purchased from Novicure Biotechnology (Birmingham,
AL). The human prostate cancer C4-2B cell line was
kindly provided by Dr. Leland W. K. Chung, Cedars-Sinai
Medical Center (Los Angeles, CA). PC3 and DU145
cells were grown in DMEM medium with 10% FBS,
ARCaP(M) cells in RPMI medium with 5% FBS, and
C4-2B cells in RPMI medium with 10% FBS. Cells were
maintained in a 37°C humidified incubator ventilated with
5% CO2.
Primary mouse bone marrow stromal cells
(mBMSC) were isolated from femurs and tibiae of 6- to 8week old FVB/N mice according to previously established
protocols [122]. To induce bone marrow adipocyte
differentiation, mBMSC cells were plated in 3D collagen
I gels, grown to confluency for 48-72 hours and treated
with adipogenic cocktail (30% StemXVivo Adipogenic
Suppliment, 1 μM insulin, 2 μM Rosiglitazone; DMEM
and 10% FBS) for 8-10 days as previously described
[29]. Differentiated bone marrow adipocyte cultures were
washed 3 times with PBS and used in experiments.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle’s medium (DMEM),
RPMI-1640 medium, and other chemicals, unless
otherwise stated, were obtained from Sigma (St.
Louis, MO). HyClone fetal bovine serum (FBS) was
from ThermoFisher (Pittsburg, PA). Trypsin-EDTA,
collagenase, BODIPY (493/503), Gentamicin (G418),
Alexa Fluor 488-conjugated goat anti-rabbit IgG, and
rabbit anti-human FABP4 were from Invitrogen (Carlsbad,
CA). PureCol® collagen type I was from Advanced
Biomatrix (San Diego, CA). Mouse monoclonal E7
Beta tubulin antibody was from Developmental studies
Hybridoma Bank (Iowa City, IA). StemXVivo Adipogenic
Suppliment, was from R&D Systems (Minneapolis,
MN). Rabbit anti-human/mouse ß-actin antibodies were
from Novus Biologicals (Littleton, CO). Mouse antihuman neuron-specific Enolase was from Dako-Agilent
Technologies (Denmark). Rabbit anti-human-pyruvate
dehydrogenase kinase, lactate dehydrogenase alpha,
rabbit anti-human hexokinase 2 were from Cell Signaling
Technologies (Beverly, Massachusetts). Rabbit antihuman phosphorylated pyruvate dehydrogenase, rabbit
monoclonal anti-carbonic anhydrase 9 antibody, and the
fluorometric L-lactate detection kit were from Abcam
(Cambridge, UK). Adipolyze lipolysis detection kit
was from Lonza (Switzerland). RNeasy Mini Kits were
from Qiagen (Valencia, CA). Immunoblotting “Western
Lightning ECL Plus” detection kits were from Perkin
Elmer LLC (Waltham, MA). Rosiglitazone and the
Triglyceride Colorimetric Assay kit were from Cayman
Chemical (Ann Arbor, MI). ImmPACT NovaRED
Peroxidase Substrate and ImmPRESS Anti-Rabbit
Peroxidase Reagent kit were from Vector Laboratories
(Burlington, CA). Cobalt Chloride was from MP
Biomedicals (Solon, OH). Atglistatin was from Axon
Medchem (Groningen, Netherlands).

Animals
All experiments involving mice were performed in
accordance with the protocol approved by the institutional
Animal Investigation Committee of Wayne State
University and NIH guidelines. In vivo xenograft studies
were performed in male mice in the FVB/N background
with homozygous null mutation in the Rag1 gene [FVB/N/
N5, Rag-1−/−]. All mice were bred in-house.

Diets
At 5 weeks of age, mice caged in groups of 4 were
started on either a low-fat (LFD) diet (10% calories
from fat; Research Diets no. D12450Ji) or a high-fat
(HFD) diet (60% calories from fat; Research Diets no.
D12492i). D12450Ji is a standard matched control diet
for D12492i as recommended by Research Diets. Mice
were maintained on respective diets for 8 weeks prior
to the tumor implantation and continued on the diets for
additional 6 weeks (PC3 tumors) or 8 weeks (ARCaP(M)
tumors). Where indicated, mice were switched from HFD
to LFD at time of tumor implantation and maintained on
LFD for the remainder of the experiment.

Cell lines
PC3 cell line, derived from a bone metastasis of
a high-grade adenocarcinoma [119], and DU145 cells,
derived from human prostate adenocarcinoma metastatic
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Intratibial and subcutaneous injections of
prostate cancer cells

Software (Applied Biosystems) was used for all analyses.
CA9 and CD326 primers (IDT, Coralville, IA) for PCR
were used according to manufacturer’s protocol. Human
CA9 forward and reverse primer sequences are as follows:
Forward:
5’-GGGTGTCATCTGGACTGTGTT-3’;
Reverse: 5’-CTTCTGTGCTGCCTTCTCATC-3’. CD326
forward and reverse primers are as follows: Forward: 5’CTG GCC GTA AAC TGC TTT GT-3’; Reverse: 5’-AGC
CCA TCA ATT GTT CTG GAG-3’.

Intratibial tumor injections were performed under
isoflurane inhalational anesthesia according to the
previously published procedures [29, 53, 123]. Briefly,
a cell preparation containing 5 ×105 of PC3 /ARCaP(M)
cells in PBS (20 μl, right tibia), or PBS alone (control,
20 μl, left tibia) was injected into the bone marrow. Mice
were euthanized six weeks (PC3 cells) or eight weeks
(ARCaP(M) cells) post-injection, and control and tumorbearing tibiae were removed. For microenvironmental
control, separate groups of LFD and HFD mice were
injected subcutaneously with 50 µl of PC3 cell suspension
(5 x105 cells in PBS/Cultrex). Half of the intratibial tumor
samples from each group and half of each subcutaneous
tumor were fixed in Z-fix, bone tumors were decalcified,
and all samples were embedded in paraffin. Remaining
tissues were snap-frozen in liquid nitrogen, powderized
using a tissue pulverizer and RNA was isolated using
Trizol and RNeasy Mini Kit.

In vitro models
Transwell co-culture
The mBMSC cells were embedded in Collagen,
plated in 6-well plates, differentiated into adipocytes, and
tumor cells were seeded on top of a Transwell filter (0.2
µm pore size) to allow sharing of soluble factors between
the two cell types. After 48 hours, tumor cells were
washed with PBS, trypsinized and harvested for RNA
and protein extraction. Adipocytes were collected using
1% collagenase. For protein analyses, lysates were resuspended in SME buffer with protease and phosphatase
inhibitors [29, 53]. For RT PCR analyses, cells were
collected into RLT buffer and RNA was purified using
RNeasy Mini Kit [29, 53].

TaqMan RT-PCR analyses
The cDNA from cells and in vivo samples was
prepared from 1-2 μg of total RNA using High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems).
The analyses of genes associated with glycolysis, lipolysis,
hypoxia and mitochondrial markers were performed
using TaqMan® Individual Gene Expression assays for
Human ENO2 (Hs00157360), LDHa (Hs00855322),
HK2 (Hs00606086), PDK1 (Hs01561850), GLUT1
(Hs00892681), CS (Hs 02574374), IDH2 (Hs00158033),
HIF-1α (Hs00153153), CA9 (Hs00154208), MAGL
(Hs00200752), CD36 (Hs01567185), Perillipin 2
(Hs00605340), and VEGF (Hs00900055). Assays were
done on three biological replicates using TaqMan® Fast
Universal PCR Master Mix and 50 ng of cDNA/well
and all reactions were run on an Applied Biosystems
StepOnePlus™ system. Three biological replicates of each
sample were pooled together and assays were run in at least
triplicate. The same assays (ENO2, LDHa, PDK1, HK2,
GLUT1, CA9 and VEGF) were performed on triplicate
samples of PC3 bone tumors from LFD and HFD mice
and normalized to human epithelial cell marker CD326
(EPCAM) (Hs00901885). Specificity of each Taqman
probe was cross-checked against RNA from control
mouse bones and murine adipocytes (Supplementary Table
4). For all human genes in vitro, data were normalized
to hypoxanthine phosphoribosyltransferase (HPRT1;
Hs02800695). For assessment of adipocyte-specific
genes in adipocytes grown in co-culture with tumor cells,
the following murine Taqman assays were used: HSL
(Mm00495359) and ATGL (Mm00503040). Data were
normalized to Adiponectin (Mm00456425). DataAssist™
www.impactjournals.com/oncotarget

Direct co-culture
Adipocytes embedded in Collagen I were
differentiated in 100 mm dishes as previously described
[29]. 600,000 PC3 or ARCaP(M) cells were plated in coculture with adipocytes and on top of Collagen I without
adipocytes as control. After 48 hours, 1% collagenase
was used to break down the Collagen I and isolate the
cells. Human specific qPCR probes were used to measure
transcriptional responses in glycolytic genes.
Co-culture CM treatment
Conditioned media was obtained from either
adipocytes alone (Adipo CM) or from PCa-adipocyte
direct co-cultures (CCM) and either stored in -80 °C
or used fresh after collection. PCa cells were seeded at
200,000 cells per well in 6-well plates 24 hours prior to
treatment, then treated with either fresh DMEM containing
10% FBS Adipo CM, or CCM. After 24 hours of
treatment, the cells were washed with PBS and collected
for RNA and protein as previously described.

Immunoblot analyses
Lysate and media samples were loaded based on
DNA/protein concentrations and the corresponding lysates
were electrophoresed on 12% or 15% SDS-PAGE gels,
transferred to PVDF membranes and immunoblotted
for ENO2 (1:1,000), LDHa (1:1000), PDK1 (1:500),
p-PDH (1:1000), HK2 (1:1,000), FABP4 (1:500),
64870
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Tubulin (1:1000), and β-actin (1:1,000). All horseradish
peroxidase-labeled secondary antibodies were used at
1:10,000. Quantification and analyses of bands were
performed using a Luminescent Image Analyzer LAS1000 Plus (Fujifilm, Stamford, CT).

following the manufacturer’s protocol. The experiments
were done as biological duplicates, and then two aliquots
were taken from each sample and assayed in triplicate.
The concentrations were normalized to total protein using
NanoDrop 2000 (Thermofisher Scientific). Data are shown
as mean ± SD.

CA9 immunohistochemical analyses

Assessment of lactate levels in media

Tumor-bearing tibiae from LFD and HFD mice
were fixed, decalcified, and embedded in paraffin.
Deparaffinized and rehydrated tissues were then analyzed
by immunohistochemistry for expression and localization
of CA9 (rabbit anti-human CA9; 1:250). ImmPRESS
Anti-Rabbit Peroxidase Polymer Detection systems along
with a NovaRED kit as a substrate were used for the
peroxidase-mediated reaction.

Conditioned media was obtained from PC3 and
ARCaP(M) cells alone and in transwell with adipocytes
after 48-hour co-culture. The media was heat-inactivated at
65 °C for 8 minutes. Abcam’s L-lactate Detection Kit was
used and conditioned media was assayed using a TECAN
plate reader (535nm/590nm) according to manufacturer’s
instructions. Data were normalized to the total DNA or
RNA concentrations in cell lysates. Experiments were
done in triplicate and reported as mean ± SD.

Immunofluorescence analyses

Seahorse analysis

Cells were plated on coverslips (50,000 per
coverslip) in a 24-well plate, allowed to attach for at least
4 hours, and transferred to control or transwell wells. After
48 hours, cell were stained with BODIPY (493/503) by
washing with PBS, fixing with 3.7% formaldehyde at RT
for 40 minutes, and incubating with BODIPY (493/503)
(1:1000) at RT for 1 hour. Coverslips were washed and
mounted onto slides using Vectashield with DAPI (Vector
Laboratories). Images were taken using a Zeiss LSM
510 META NLO confocal microscope (Carl Zeiss AG,
Göttingen, Germany) and a 40 × oil immersion lens. For
CA9 staining, cells were washed with PBS and fixed
with cold methanol. Coverslips were stained with rabbit
monoclonal anti-CA9 antibody (1:50) at 4°C overnight.
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1,000)
was used as a secondary antibody, and DAPI was used as a
nuclear stain. Coverslips were mounted using Vectashield
and imaged using a Zeiss LSM 510 META NLO confocal
microscope using a 63 × oil immersion lens.

PC3 and ARCaP(M) cells were plated on a Collagen
I matrix at concentrations of 30,000 cells per well in XF24
Cell Microplates and cultured overnight. The following
day, cells were treated with fresh DMEM medium or Coculture CM (CCM) for 12 and 24 hours. One hour prior
to reading the plate, the media was changed to DMEM
containing 10 mM glucose and 2 mM glutamine. Basal
readings were performed on the Seahorse analyzer and the
third reading of each experiment was used. Experiments
were done in triplicate with at least three wells per sample
condition and reported as mean ± SD.

Determination of mitochondrial membrane
potential/ intrinsic apoptosis
The JC-1 probe (Thermofisher Scientific) was used
to assess mitochondrial membrane potential as a measure
mitochondrial integrity [125] Cells were plated in 96-well
black plates at a density of 5,000 cells/well and grown
overnight. The following day, media was replaced with
either fresh DMEM or CCM and cells were allowed to
incubate for 12 and 24 hours. JC-1 probe was then added
at a final concentration of 1 µM to the media and the
plates were incubated for 20 minutes. The plates were
then read at excitation and emission wavelengths of 535
nm and 595 nm, respectively, for the red fluorescence and
excitation and emission wavelengths of 485 nm and 535
nm, respectively, for the green fluorescence. Data were
normalized based on cell viability. Experiments were done
in triplicate with quadruplicate wells per condition at each
time point and shown as mean ± SD.

ATP analysis
Cells were seeded in 6-well dishes, cultured
overnight and treated with either fresh media (control
conditions) or CCM. At 12 and 24 hours, the cells were
washed and scraped into PBS. The cells were collected
in a timely manner to ensure reliability of the sample,
snap frozen in liquid nitrogen and stored in -80 ºC. The
ATP Bioluminescence Assay Kit HS II (Roche Applied
Science) and the boiling method for ATP release were used
[124]. Briefly, 700 µl of incubation buffer was added to
the cells (100 mM Tris-Cl, pH 7.75, 4 mM EDTA) and the
solution was immediately transferred to a boiling water
bath for 2 minutes. Samples were diluted 1:25 and 40 µl
aliquots were used to determine the ATP concentration
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Determination of cell viability

siRNA Approaches

Calcein AM Assay (Trevigen) was used to assess
cell viability. Cells were seeded in black-walled 96well plates at a density of 5,000 cells/well and grown
overnight. The following day, media was removed and
fresh DMEM or CCM was added to the wells and the
cells were incubated for 12 or 24 hours. The plate was
then read at excitation and emission wavelengths of 490
nm and 520 nm, respectively. Experiments were done in
at least triplicate with quadruplicate wells analyzed per
experiment and shown as mean ± SD.

PC3 or ARCaP(M) cells were pre-plated in 6-well
plates or on Transwell filters and grown overnight. The
following day, when the cells reached ~70% confluency, a
unique 27mer siRNA duplex targeting HIF-1α transcripts
(OriGene-SR302102) or Trilencer-27 Universal scrambled
negative control (Origene-SR30004) were added using
RNAiMAX transfection reagent (Thermofisher Scientific)
at a final concentration of 20 µM (based on manufacturer’s
protocol). After 6 hours, cells were washed and moved
into transwell co-culture with differentiated bone marrow
adipocytes or grown alone. After 24 hours, cells were
collected and processed for RNA analyses as described
above. Two unique 27mer siRNA duplexes that efficiently
knocked down HIF-1α transcripts were used.

Free glycerol assay analysis
Conditioned media was obtained from adipocytes
alone, adipocytes in transwell with PC3 or ARCaP(M)
cells, or adipocytes treated with conditioned media
from PC3 or ARCaP tumor cells and analyzed using
manufacturer’s protocol for the AdipoLyze Lipolysis
Detection Kit (Lonza). Experiments were done in triplicate
and reposted as mean ± SD.

In silico analyses
The Oncomine database (OncomineTM v4.5: 729
datasets, 91,866 samples) was used for the analysis of
primary (P) vs. metastatic (M) tumors by employing filters
for selection of conditions and genes of interest (prostate
cancer; metastasis vs. primary; genes). Data were ordered
by ‘overexpression’ and the threshold was adjusted to
P-value < 1E-4; fold change, 2 and gene rank, top 10%.
For each database, only genes that met the criteria for
significance were reported.

Triglyceride assay
Tumor cells were grown in transwell with adipocytes
in the presence or absence of 10 µM Atglistatin. After 48
hours, adipocytes were collected as previously indicated
and re-suspended in the Standard Diluent (provided in
the Triglyceride assay kit; Cayman Chemical). Samples
were sonicated and centrifuged. The supernatant was then
used for the assay. All steps were performed according
to manufacturer’s protocol. Experiments were done in
triplicate and reported as mean ± SD.

Statistical analyses
Data were presented as means ± SD and statistically
analyzed using unpaired student T-test. For three or more
groups, one-way analysis of variance was used.

Activation of HIF-1α in vitro
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