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Abstract

Purpose of Review—Bone marrow adipocytes have emerged in recent years as key contributors
to metastatic progression in bone. In this review, we focus specifically on their role as the suppliers
of lipids and discuss pro-survival pathways that are closely linked to lipid metabolism, affected by
the adipocyte-tumor cell interactions, and likely impacting the ability of the tumor cell to thrive in

bone marrow space and evade therapy.

Recent Findings—The combined in silico, pre-clinical, and clinical evidence shows that in
adipocyte-rich tissues such as bone marrow, tumor cells rely on exogenous lipids for regulation of
cellular energetics and adaptation to harsh metabolic conditions of the metastatic niche.
Adipocyte-supplied lipids have a potential to alter the cell’s metabolic decisions by regulating
glycolysis and respiration, fatty acid oxidation, lipid desaturation, and PPAR signaling. The
downstream effects of lipid signaling on mitochondrial homeostasis ultimately control life vs.
death decisions, providing a mechanism for gaining survival advantage and reduced sensitivity to
treatment.

Summary—There is a need for future research directed towards identifying the key metabolic
and signaling pathways that regulate tumor dependence on exogenous lipids and consequently
drive the pro-survival behavior in the bone marrow niche.
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Introduction

Bone marrow is a common host of several types of tumors, including secondary cancers of
the breast, prostate, thyroid, kidney, lung, and bladder as well as hematological
malignancies, such as multiple myelomas (MM) and leukemias [1-3]. A common feature of
tumor cells that reside in bone is that their proliferation and survival are critically dependent
on the interaction with the bone marrow microenvironment. Bone marrow adipocytes, which
originate from mesenchymal stem cells, are a major component of bone marrow stroma [4s,
5]. Adipocyte-enriched bone marrow, known as yellow fat or bone marrow adipose tissue
(BMAT), dramatically increases with age and can be prematurely augmented by obesity,
caloric restriction, treatments with PPAR-y agonists, or radiation [5-8]. Marrow adipocytes
are a known source of hormones, adipokines, incretins, and growth factors, whose key
effects on bone health, marrow adipogenesis, insulin sensitivity, inflammation, and
tumorigenesis have been well described elsewhere [4e, 6, 8-10]. Importantly, they also
produce and contain significant amounts of fat and play key roles in the regulation of energy
metabolism in the bone [11]. Although multiple cell types within the marrow space are
subject to metabolic effects of marrow fat cells, little is known about specific effects of
adipocyte-supplied lipids on the behavior and metastatic progression of tumor cells that have
colonized the bone.

Marrow Adipocytes as a Source of Lipids: Metabolic Effects on Tumor Cells

Adipocyte-Driven Lipolysis: a Source of Glycerol and Fatty Acids

Fat cells store lipids in the form of triglycerides in lipid droplets and, when necessary, break
them down in the catabolic process of lipolysis into glycerol and free fatty acids (FFAS) [12,
13]. This event is driven by the activation of rate-limiting adipose triglyceride lipase (ATGL)
[14, 15] and phosphorylation and activation of hormone-sensitive lipase (HSL) [16, 17]. Our
recent studies have shown that both ATGL and HSL are upregulated in marrow adipocytes
exposed to prostate carcinoma cells, an event coinciding with the release of FFA from
adipocytes [18]. Increased activity of HSL and augmented levels of glycerol and FFA have
also been demonstrated in adipocytes interacting with leukemic blasts [19e¢]. Furthermore,
the phenomenon of lipid exchange has been suggested to occur between adipocytes and
multiple myeloma cells [9], although its impact on MM progression and survival is still not
well understood and needs further investigation.

The FFAs released by hydrolysis of adipocyte-derived triglycerides can be taken up by the
tumor cells via lipid transporters such as fatty acid translocase (CD36; FAT) and fatty acid-
binding protein 4 (FABP4). Indeed, significant overexpression of these regulators of lipid
trafficking, along with enhanced lipid uptake, have been revealed upon exposure of
leukemia, prostate, and ovarian cells to adipocytes [19ee, 20, 21, 22¢]. These findings are
supported by our Oncomine data analyses, demonstrating highly increased expression of
FABP4 and CD36, as well as HSL, in metastatic prostate and ovarian tumors [2, 21].
Furthermore, FABP4 knockdown or pharmacological targeting of its activity reduces
prostate tumor cell invasion [20] or reverses adipocyte-induced pro-survival effects on
leukemia cells [19+, 23¢¢], further speaking to the pro-tumor effects of adipocyte-supplied
lipids. CD36 is especially emerging as a key lipid transporter and regulator of the adipocyte-
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tumor cell metabolic interactions in ovarian cancer metastasis [21]. In breast cancer, CD36-
mediated lipid uptake was recently shown to promote tumor cell proliferation [24].
Interestingly, a specific metabolic phenotype of leukemia cells responsible for their
resistance to chemotherapy has been linked to the expression of CD36 [25]. These findings
place fatty acid uptake and transport as potential targetable mechanisms for cancer therapy.

Warburg Effect vs. Oxidative Phosphorylation

The energy metabolism of the cell is regulated by the lipid and glucose pathways, which are
tightly linked to each other [26]. Triglyceride breakdown by adipocytes generates glycerol,
which has a potential to feed into the glycolytic pathway [27]. This can potentially affect the
metabolic phenotype of the tumor, as cancer cells are known to favor glycolysis over
oxidative phosphorylation (OXPHQOS) to meet their energy demand and gain advantage in
progression and response to therapy [28-30]. In fact, the defects in the OXPHOS pathway
are thought to be key reasons for the attenuation of tumor cell apoptosis [31, 32]. Given the
inefficiency of glycolysis over OXPHOS in terms of ATP production, it is surprising that
cancer cells would turn to this pathway for energy to thrive and survive. However, if the
glucose flux is high enough, it not only provides important intermediates for tumor growth,
but the adenosine triphosphate (ATP) produced via high rates of glycolysis can outweigh
OXPHOS [33]. Indeed, multiple reports have recently implicated aerobic glycolysis, known
as the Warburg effect, in MM progression and survival [34-36]. In addition, increased
glycolysis and low efficiency of OXPHOS were suggested as contributors to drug resistance
in other hematological cancers [37-40]. Studies from our laboratory have shown that
exposure to bone marrow adipocytes induces a metabolic switch to a glycolytic phenotype in
prostate carcinoma cells [18]. On the other hand, recent growing evidence suggests that
some cancer cells are capable of boosting their oxidative mitochondrial metabolism to gain
survival advantage [41-43]. A study by Henkenius et al. showed that subpopulations of
drug-resistant acute myeloid leukemia (AML) cells maintain their oxidative metabolism to
escape therapy [44]. Increased mitochondrial biogenesis and respiration were also reported
in drug-resistant and relapsed MM cells [45]. As we do not currently understand how
adipocyte-supplied lipids affect glucose metabolism and respiration of a tumor cell, more
studies exploring energy metabolism in adipocyte-rich tumor microenvironments such as
bone marrow are warranted.

Fatty Acid Oxidation

Although most tumors will depend on a high rate of glucose uptake for their energetic needs
[46], there is growing evidence that p-oxidation of fatty acids (FAO) can serve as a main
source of energy for several types of cancers [47]. FAO is an essential source of
nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH2),
nicotinamide adenine dinucleotide phosphate (NADPH), and ATP and therefore a facilitator
of survival advantage in cancer cells. The key rate-limiting enzyme in FAO, carnitine
palmitoyltransferase | (CPTI), is overexpressed in many types of tumors, and its knockdown
or pharmacological inhibition suppresses tumor cell growth and survival [48, 49]. An elegant
study by Nieman et al. demonstrated that FAO can be effectively stimulated in ovarian
cancer cells upon interaction with adipocytes and the augmented rates of f-oxidation
support fast tumor growth [22¢]. Furthermore, an increased fatty acid uptake and
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overexpression of enzymes involved in p-oxidation have also been demonstrated in prostate
tumors [50, 51]. Similarly, human leukemia cells have been shown to depend on B-oxidation
for their proliferation and survival [19ee, 52]. High rates of fatty acid oxidation are known to
produce large amounts of NADH and acetyl-coenzyme A, and thus inhibit mitochondrial
oxidation, a phenomenon that appears to promote quiescence and “sternness” of AML cells,
and consequently drive their resistance to therapy [25].

Adipocytes and Hypoxia

It is well recognized that bone marrow, in contrast to other organs, is naturally hypoxic and
activity of hypoxia inducible factor 1a (HIF-1a) is critical for normal bone marrow
hematopoiesis [53]. It is also becoming increasingly clear that the hypoxic niche plays an
essential role in the biology and progression of tumors that colonize the bone marrow. High
levels of HIF-1a expression and stability have been reported in bone marrow biopsies of
MM patients [54, 55], and induction of hypoxic environment was shown to promote
dissemination and colonization of new bone marrow areas by MM cells [56]. Importantly,
numerous genes responsible for MM progression have been identified as downstream targets
of HIF-1a [57]. Hypoxia has also been demonstrated to affect proliferation, differentiation,
and the response of leukemia cells to therapy [58]. Notably, during hypoxia, an upregulation
of genes critical for metastatic colonization and expansion of breast cancer in bone, such as
parathyroid hormone-related protein (PTHrP), receptor activator of nuclear factor kappa-B
(RANK), and its ligand (RANKL), has been demonstrated [59], and expression of HIF-1a
was shown to promote tropism of breast cancer cells to the skeletal sites [60].

Hypoxia and oxidative stress often accompany states of increased adiposity [61], and under
hypoxic conditions, deregulated adipocytes have been shown to reduce the expression of
estrogen receptor in breast cancer cells and thus make them less sensitive to hormonal
therapies [62]. Studies from our laboratory have shown that marrow adipocytes are capable
of activating HIF-1a signaling in metastatic prostate cancer cells, a process associated with
increased adipocyte lipolysis and enhanced lipid uptake by the tumor cells [18, 20]. Whether
the adipocyte-induced HIF-1a activation in prostate tumor cells is a cause or a consequence
of the observed lipid accumulation is not presently clear. It is well-known that hypoxic
conditions diminish a cancer cell’s ability to synthesize its own lipids and the accumulation
of lipid droplets has been linked to HIF-1a activation [63, 64]. It is likely that exposure of
tumor cells to marrow adipocyte-supplied lipids stabilizes HIF-1a and activated downstream
signaling, which promotes further lipid uptake, perpetuating the hypoxic phenotype in tumor
cells [18]. Proteins that stabilize the integrity of lipid droplets, such as perilipin and adipose
differentiation-related protein (ADRP), as well as lipid transporters, such as FABP4 and
CD36, are often upregulated under hypoxic conditions [63, 64].

Importance of Lipid Desaturation

One of the key characteristics of hypoxia is that it can affect the ability of cancer cells to
modify cellular lipids by regulating the activity of enzymes involved in FFA desaturation
[65, 66¢]. Indeed, multiple enzymes in the desaturase pathway appear to be overexpressed in
both MM and metastatic prostate cancer (Fig. 1). Of particular interest in this context is the
role of stearoyl-CoA desaturase (SCD), which catalyzes the formation of double bonds at
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the A9 position of palmitoyl-CoA and stearoyl-CoA to generate monounsaturated FFA. SCD
is frequently overexpressed in cancers, and tumor cells rely on its activity for proliferation,
growth, and survival [67+¢, 68]. However, as SCD-mediated desaturation reaction requires
O,, the synthesis of monounsaturated FA is compromised under severe hypoxia [66¢].
Consequently, when exposed to hypoxic conditions, tumor cells favor the scavenging of
unsaturated lipids from the microenvironment as opposed to turning on the lipogenesis [65,
66]. On the other hand, to ensure the supply of unsaturated fatty acids and to compensate for
reduced desaturase activity, tumor cells might upregulate SCD levels via sterol regulatory
element-binding protein (SREBP) [68, 69]. Accordingly, our in silico analyses of Oncomine
databases across several types of tumors reveal augmented SCD1 expression in metastatic
tumors as compared to primary tumors or normal tissue (Table 1). Importantly, two other
key desaturases, FADS1 and FADS?2 (fatty acid desaturases 1 and 2), which are rate-limiting
enzymes in conversion of polyunsaturated fatty acids (PUFA) and are main determinants of
PUFA levels [70], are also significantly increased in several metastatic cancers as well as
leukemias (Table 2). Unfortunately, little is known to date about desaturase expression
patterns and the role in tumor survival and progression in bone, especially in the context of
marrow adiposity. Given the critical roles of PUFA and their metabolites in biological
processes, including the modulation of adipose tissue, inflammation, and cancer, studies
delineating contribution of desaturases to tumor-induced bone disease are desperately
needed.

Supplying Ligands for PPAR Signaling

PPARY

Lipids are strong ligands for peroxisome proliferator-activated receptors (PPARS), a family
comprised of three members, PPARa, PPARPB/S, and PPARy, all playing a range of
important functions in health and disease, including cancer [71]. The three receptors have
some selectivity, as well as overlap, in the preference for specific lipids that include
unsaturated FAs, branched chain FAs, oxidized FAs, nitro-FAs, eicosanoids, and
phospholipids [72, 73].

The most well-described PPAR, especially in a context of adipose-rich organs, is PPARy, a
master regulator of adipogenesis [74]. PPARy signaling has been credited with insulin-
sensitizing and anti-inflammatory effects [73]; however, its overall function in tumor
development and progression has been, at minimum, controversial [73]. A number of studies
to date have reported that activating PPAR-y inhibits tumorigenesis [75]. The inhibitory
effects of PPARy activity on MM growth have been shown to occur through the suppression
of IL-6 production [76] and potentiation of cytotoxic effects of valproic acid [77] and HDAC
inhibitors [78]. PPARy activation has also been suggested as a treatment approach to
overcome kinase resistance in CML [79]. At the same time, tumor-promoting effects of
PPAR-y ligands or receptor overexpression have been demonstrated in tumors of the bladder,
breast, and prostate [80-83]. In fact, an elegant study utilizing a Sleeping Beauty screen by
Ahmad et al. showed that PPAR~y overexpression correlates with phosphatase and tensin
homolog (PTEN) loss, a more aggressive phenotype, and it indicates poor prognosis in
human prostate cancer [84].
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Recent studies by Boyd et al. have reported that induction of marrow adipogenesis by
PPARY agonists can actually repress leukemia growth [85]. Authors propose that since
AML disrupts de novo adipogenesis in the red bone marrow and compromises the myelo-
erythroid maturation, pharmacological stimulation of adipogenesis could serve as a means of
enhancing healthy human myelo-erythroid cell production. However, the use of synthetic
PPAR-y agonists and consequent increases of adipogenesis in the bone marrow come at the
cost of bone loss [7, 86, 87]. In addition, for cancers that have been shown to depend on
adipocyte-supplied lipids, such as MM, AML, or prostate tumors, rosiglitazone (PPAR~y
agonist)-driven marrow adiposity has a potential to fuel their progression in bone.
Transcriptional activity of PPARy is driven by nucleocytoplasmic shuttling of its
downstream target FABP4 [88]. Ligand delivery and binding promotes activation of the
PPAR-y receptor but it can also stimulate its elimination [89]. Our previous studies showed
that exposure of prostate tumor cells to adipocyte-derived factors leads to PPARy-driven
FABP4 upregulation followed by PPARy downregulation, coincident with more invasive
behavior [20]. This is consistent with reports linking PPARy suppression with disruption of
metabolic oversight, initiation of inflammatory pathways, and malignant transformation
[90-92].

PPARGa is a fatty acid sensor and a transcriptional activator of fatty acid f-oxidation through
induction of fatty acid catabolic enzymes and transport proteins such as Acyl-CoA oxidase
(ACQ), CPT1, mitochondrial uncoupling proteins (UCP2 and UCP3), and repression of
SREBP-1 and SREBP-2, Acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS)
[93]. PPARa activity is thought to drive anti-cancer effects through the antagonism of major
inflammatory pathways and governing metabolic equilibrium through its interaction with 5’
AMP-activated protein kinase (AMPK) [93]. PPARa is activated by the fatty acid released
by adipocyte lipolysis and its activity is essential for liver function [94]. On the other hand,
long-term exposure to PPARa ligands drives the development of liver tumors in mice,
although this tumorigenic effect of PPARa activation appears to be absent in humans [95].
Paracrine interactions between adipocytes and chronic lymphocytic leukemia (CLL) cells
have been shown to induce PPARa activity and promote FAO, resulting in resistance to
glucocorticoid treatment [96], and selective antagonism of PPARa activity induces
apoptosis in CLL cells [97]. Whether the bone marrow adipocytes would have similar effects
on PPARa activity in tumors residing in bone is not known, as it has been reported that
PPARa activity can be repressed by hypoxia [98]. Keeping PPARa inactive under hypoxic
conditions in the marrow could potentially be a mechanism of survival for the tumors that do
not rely on p-oxidation.

Although PPARP/6 is the least studied subtype of PPARs, its key involvement in regulation
of lipid metabolism has been well established through the overexpression and knockout
studies in mice (reviewed in [71]). Specifically, metabolic pathways regulated by this
receptor include FAO and mitochondrial respiration, processes that impact the ability of cells
to function in challenging environments. Indeed, PPARP/S activation has been shown to
specifically promote breast cancer survival in harsh metabolic conditions [99], and its
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involvement was revealed as critical for CLL survival under energetic stress [100]. Links
between PPARB/& overexpression and advanced stage of the disease with reduced patient
survival have also been reported for other cancers [101]. PPARP/8 has been demonstrated to
be involved in the proliferation of AR-expressing tumors [102] and to interact with HIF-1a
pathway, both implicated in tumor survival and resistance to therapy [99, 103-106].

Life vs. Death Decision-making: Anti-apoptosis and Pro-survival Signaling

Driven by Marrow Adipocytes

There are multiple ways by which adipocyte-supplied lipids can affect tumor cell survival. In
addition to serving as building blocks for newly synthesized membrane phospholipids and a
source of energy via the p-oxidation pathway discussed previously, lipids are used for
biosynthesis of pro-tumorigenic lipid signaling molecules such as
phosphatidylinositol-3,4,5-triphosphate [PI1(3,4,5)P3]. Here, we will focus specifically on
their contribution to the levels of oxidative stress and ROS production, mitochondrial
homeostasis, and cellular metabolism, as well as binding and the function of molecules that
regulate survival and death pathways in the cell.

Oxidative Stress and ROS

The bone marrow niche is a harsh environment prone to stress conditions associated with
hypoxia, nutrient depletion, and generation of reactive oxygen species (ROS). Importantly,
these effects are exacerbated by skeletal aging and increased adiposity [107, 108]. Oxidative
stress is a known inducer of adipogenesis, and its levels increase even more with fat
accumulation in adipocytes [109, 110]. ROS levels affect multiple cell types in the bone
marrow in several ways: they can compromise bone homeostasis and promote osteoporosis
[108], modulate the function of immune cells [111], and can make cancer cells more
susceptible to other stressors and promote apoptosis [112]. However, persistently high levels
of ROS and consequent DNA damage and genomic instability have also been linked to the
induction of pro-survival signaling in a number of cancers [113, 114]. Recent studies from
our laboratory have shown that, when exposed to marrow adipocytes in vitro or in vivo,
bone-trophic prostate and breast tumor cells show increased ROS levels along with
augmented expression of oxidative stress enzyme, heme oxygenase 1 (HO-1) [115].
Importantly, induction of HO-1 and endoplasmic reticulum (ER) stress responses lead to the
activation of pro-survival pathways involving a member of the inhibitor of apoptosis protein
(1AP) family, Survivin [115]. Growing evidence links oxidative stress with the progression
of other cancers in bone: in metastatic renal cell carcinoma, oxidative stress was recently
implicated in tumor-induced immune suppression [116], and the induction of ROS was
linked to aggressive phenotype in MM [117]. It is the magnitude of oxidative stress
combined with the levels of the anti-oxidant enzymes that drive life vs. death decisions in
most cancers, including myelomas and leukemias [118-120], and further studies are needed
to understand the contribution of marrow adipose tissue to these events.

PI3K/Akt Pathway

P1(3,4,5)P3 is a lipid signaling molecule generated through the action of phosphoinositol-3-
kinase (PI3K). PI3K activity results in the downstream phosphorylation of the serine-
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threonine kinase Akt, a major protein dysregulated in cancer [121, 122]. Akt is an activator
of the mammalian target of rapamycin (mTOR), which controls many genes involved in cell
proliferation, metabolism, and regulation of apoptosis [123]. A recent study showed that
omental adipocytes in coculture with gastric cancer cells secrete increased amounts of oleic
acid, a lipid that significantly increases the invasiveness and growth through the PI3K/Akt
pathway [124]. The long-chain monosaturated oleate was also shown as a culprit in PI3K-
dependent induction of proliferation of breast cancer cells [125]. In addition, interaction of
prostate carcinoma cells with adipocytes was shown to activate the PI3K/Akt pathway,
leading to downstream induction of epithelial-to-mesenchymal transition [126]. PI3K/Akt
activity is highly dependent on lipid composition of the cell as both PPAR-y and PPARPB/6
ligands can mediate pro-survival signals via Akt signaling [127]. Interestingly, growing
evidence indicates that fatty acids, such as those supplied by the adipocytes, can change the
membrane composition of a cancer cell and affect localization and signaling of PI3K/Akt,
thus driving downstream pro-survival phenotype [128, 129].

It is noteworthy that the aberrant PI3K signaling and Akt activation are often associated with
the loss of phosphatase and tensin homolog (PTEN), one of the most commonly mutated or
downregulated tumor suppressors in cancers [130]. PTEN loss is very common in prostate
cancer and has been shown to be correlated with a poor clinical outcome, aggression of the
disease, and clinical recurrence [131-133]. In MM, AML, and other myeloid malignancies,
PTEN deletions occur in the advanced stage of the disease and are suggested to be
associated with disease progression [134]. In addition, PTEN-null MM cells appear to
depend on PI13K/Akt activation for cell survival and response to therapy [135]. Notably, an
enzymatic PTEN activity is known to depend on posttranslational regulation including
phosphorylation, acetylation, and oxidation [136]. Adipocyte-driven oxidative stress and
ROS production can lead to phosphorylation and inactivation of PTEN, a process that is
reversible by anti-oxidant treatment [137]. Intriguingly, PTEN has been reported to interact
and form a complex with FABP4, a fatty acid chaperone known to be secreted by adipocytes
and upregulated by tumor cells exposed to adipocyte-rich microenvironments [20, 22+, 138].
PTEN deletion in hepatocytes leads to adipogenic transformation resulting in steatohepatitis
and hepatocellular carcinomas [139]. In line with these findings, a positive regulation of
breast cancer cell proliferation by PI3K/Akt pathways appears to be dependent on FABP4
[140]. Whether this interaction is important for tumor survival in adipocyte-rich bone
marrow remains to be investigated as there is clearly a cross-talk between PI3K/Akt axis and
multiple regulators of cellular energetics (Fig. 2a).

Mitochondria are at the heart of cellular life and death decisions. They drive metabolic
functions such as FAO, TCA cycle, and respiration [141], but are also a regulatory site for
apoptosis [142]. Within mitochondria, Bcl-2 family members, which bind to voltage-
dependent anion channel (VDAC), regulate the release of proteins from the space between
the inner and outer membrane and activate a pro-apoptotic cascade [142]. Intriguingly, some
of the metabolic enzymes, such as Hexokinase 2 (HK2), can compete with VDAC binding of
Bcl-2 family proteins and disrupt pro-apoptotic signaling [143, 144]. Being the first enzyme
in the glycolysis pathway, the primary role of HK2 is the catabolism of glucose [145]. HK2
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binds to the outer membrane of mitochondria and partners with VDAC proteins [146] and
allows for closer proximity to the ATP sources that pass through the VDACs [147, 148]. In
exchange, the mitochondria benefit from the ADP produced by HK2. Importantly, when
bound to the mitochondria, HK2 can no longer be inhibited by its product glucose-6-
phosphate [149, 150]. Upregulation of HK2 and its interaction with VDAC are thought to
bring VDAC closer to the inner mitochondrial membrane and to enhance Warburg
metabolism, a hallmark of many cancers [151], including metastatic prostate cancers in bone
under conditions of increased marrow adiposity [18] (Fig. 2b).

Apart from its role in glucose metabolism, overexpression of HK2 has been shown to be
protective against cell death induced by pro-oxidants [152, 153]. Although the mechanisms
behind this protection are not well understood, it is the ability of HK2 to competitively
inhibit VDAC association with pro-apoptotic factors such as Bcl-2 family members Bax and
Bak that are proposed to be the culprit [143, 144]. HK2 expression appears to be
transcriptionally regulated by Akt and mTOR [144] and is a direct target of HIF-1a activity
[154]. In addition, both glycolysis and HK2 expression are induced by phosphorylation of
PPARy at Ser84 [155], suggesting the role of PPARy in HK2 regulation [156]. Interestingly,
HK?2 appears to be constitutively overexpressed in MM cells, and the treatment with HK2
inhibitor 3-bromopyruvate (3BrPA) suppresses ATP production and induces apoptosis [157,
158]. Around 80% of total HK2 is reported to be bound to the mitochondrial VDAC [149].
Since aerobic glycolysis can be induced in metastatic tumor cells by bone marrow
adipocytes [18], and there is increasing evidence that Warburg metabolism is highly
operative in cancers that thrive in bone, including metastatic prostate cancer [18], MM [34,
159], and leukemias [160, 161], it is feasible to propose that marrow adipocytes are likely
playing a role in HK2-driven regulation of tumor cell survival.

PKM2 Overexpression and Stabilization of Pro-survival Factors

Another glycolytic enzyme with capabilities of translocating to mitochondria and affecting
life and death decisions is pyruvate kinase 2 (PKM2), the splice variant of PKM
overexpressed in a variety of tumors and associated with the Warburg phenotype [162,
163e+]. PKM2 overexpression has been shown to predict survival [34] and drive
chemoresistance [164] in MM, and it has been linked to fatty acid metabolism and
progression of AML [96]. A recent study by Liang et al. has demonstrated that PKIM2
translocates to the mitochondria under oxidative stress conditions where it phosphorylates
Bcl-2 and protects it from degradation, a process leading to the inhibition of apoptosis
[163e¢]. It has also been shown that PKM2 is capable of enhancing the stability of NF-xB
subunit p65, facilitating its binding to the Bc/-xL promoter, which could serve as an
additional pro-survival mechanism for tumor cells [165]. PKM2 has been demonstrated to
function as a coactivator of HIF-1a, driving the downstream transcription of HIF-1a target
genes such as lactate dehydrogenase (LDHa), pyruvate dehydrogenase kinase 1 (PDKI),
and glucose transporter 1 (GLUTI) [166]. In addition, important for its role in tumor cell
growth and survival, phosphorylation of histone H3 by PKMZ2 drives the induction of many
critical cell cycle genes including Cyclin Dand ¢c-MYC[167]. Notably, the nuclear
localization of PKM2 is important for its role as a transcriptional co-activator of c-Src
phosphorylated p-catenin [168] and a mediator of STAT3 phosphorylation [169]. Activation
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of these pathways promotes cellular survival and collectively can facilitate growth of cancer
cells within the harsh bone microenvironment.

It is noteworthy that both PKM2 and HK2 have been shown to be induced by PPAR~y
agonists in PTEN-null fatty livers, a process that has been proposed as a link between liver
steatosis and cancer [170]. Whether the exposure of tumor cells residing in the adipocyte-
rich bone marrow to fat cell-supplied PPARYy ligands would cause upregulation of PKM2
and HK?2 and drive tumor progression is not clear and warrants further investigations.

Survivin is a member of the inhibitor of apoptosis protein (IAP) family, expressed in almost
all cancers and implicated in tumor aggressiveness and chemoresistance [171]. Survivin is a
bi-functional protein which functions as a regulator of mitosis and an inhibitor of apoptosis
[172]. This pro-survival factor is known to be regulated by HIF-1a, and its function is
required to maintain cell viability during hypoxia [173-175]. Our recent studies have shown
that, in prostate cancer, Survivin levels are regulated by oxidative stress and are particularly
high in metastatic tissues as compared to primary tumors [115], a result in line with previous
studies implicating Survivin as a mediator of tumor metastasis to bone [176]. Further
testimony to its potential role in bone metastatic disease are the reports on significantly
higher Survivin levels in patients with skeletal lesions from breast cancer as compared to
patients with non-metastatic or benign disease [177].

Tightly linked to the Survivin expression levels is its function. Survivin has been reported to
have protective effects on tumor cells, and its role in chemoresistance has been specifically
linked to its localization to mitochondria in response to stressors such as chemotherapeutics,
ROS, or hypoxia [172]. Mitochondrial Survivin has been suggested to directly interfere with
apoptosis pathways by binding to caspase-3 and caspase-7 and preventing activation of
initiator caspase-9 and the induction of apoptosis [172, 178]. Consistent with these results,
targeting Survivin to the mitochondria was demonstrated to be sufficient to increase colony
formation in soft agar and accelerate in vivo tumor growth while, again, ablating an
apoptotic response and facilitating cell survival [172]. Accordingly, overexpression of
Survivin was shown to be a major contributor to multidrug resistance in MM [179] and a
prognostic indicator of poor outcome in acute leukemias, especially AML and CLL [180,
181].

One important feature of Survivin is that it is regulated by the insulin-activated PI3K/mTOR
signaling, and it plays important roles in adipocyte homeostasis [182]. Specifically, it is
postulated that Survivin is a nutrient-sensitive molecule and a critical checkpoint against
metabolic dysfunction in response to overnutrition [182]. This is intriguing, as a similar
mechanism involving Survivin could be functional in tumor cells exposed to high levels of
adipocyte-supplied lipids in bone marrow. Indeed, emerging reports link Survivin expression
with modulation of tumor metabolism, indicating a crucial cross-talk between metabolic
signatures and chemoresistance. Specifically, overexpression of Survivin in neuroblastoma
cells shifts tumor metabolism from OXPHOS to aerobic glycolysis and induces resistance to
forms of cell death that depend on the accumulation of ROS [183¢]. Our own studies show
that overexpression of Survivin occurs in tumor cells with enhanced Warburg phenotype and
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increased production of ROS [18, 115]. On the other hand, mitochondrial Survivin was
recently reported to promote oxidative phosphorylation in prostate tumor cells [184].
Specifically, this anti-apoptotic protein was demonstrated to cooperate with the chaperone
TRAP-1 and protect mitochondrial bioenergetics by maintaining succinate dehydrogenase
SDH (folding) and activity of Complex 1. Authors of this study proposed that the oxidative
phosphorylation maintained by Survivin-TRAP-1 interaction provides concentrated
“regional” energy source to support specific energy-intensive tasks [184]. Clearly, more
studies are needed to understand the role of Survivin in metabolic adaptation and tumor
survival in bone. Survivin-overexpressing tumors have recently been shown to be sensitive to
glycolysis inhibitors [183¢], thus elucidating that the molecular link between marrow
adiposity, glycolytic phenotype, and Survivin expression in the tumor will almost certainly
have clinical implications.

Conclusions

There is growing, compelling evidence that alterations in lipid metabolism and lipid
signaling pathways are the key characteristics behind tumor growth, progression, and
adaptation in metastatic environments. Tumor cells have high avidity for lipids and are likely
to be very receptive to the abundance of exogenous fats in the adipose-rich tissues such as
bone marrow. The resulting lipid-mediated cross-talk between marrow adipocytes and
resident tumor cells alters cellular energetics, disrupts redox homeostasis, and profoundly
affects signaling pathways that allow the cells to gain pro-survival advantage and thrive (Fig.
2). There is a need for continuous effort to identify key molecular mechanisms responsible
for the oncogenic nature of adipocyte-supplied lipids. Although there have been many
advances in cancer therapies in a context of tumor metabolism, understanding how to target
tumor dependence on the lipids has a potential to fundamentally change therapeutic
approaches for cancers that thrive in adipocyte-rich bone marrow.
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Fig. 2.

a aetwork analysis showing interaction between signaling pathways involving AKT,
HIF1A, CPTI1A, PPARD, PPARG, HKZ2, PKM, FABP4, MED1, and CD36 using the
Genomic Hallmarks of Prostate Adenocarcinoma (CPC-Gene, Nature 2017) dataset. Nodes
with yellow ovals represent the selected genes, while genes with thin black rectangles
represent co-expressed genes that are interacting with the selected genes. b Schematic
diagram depicting the potential impact of adipocyte-tumor cell interactions in bone marrow
on lipid signaling and downstream pathways promoting survival. An adipocyte-tumor cell
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cross-talk induces triglyceride lipolysis in adipocytes to glycerol and fatty acids (FA) (1),
which leads to an activation of hypoxia signaling and ROS production (2). Exposure to
adipocyte-supplied lipids induces expression of lipid transporters FABP4 and CD36 in tumor
cells and modulates PPAR and desaturase activity (3). Adipocyte-supplied glycerol can feed
into the glycolytic cycle (4) and stimulate Warburg phenotype in tumor cells as opposed to
oxidative phosphorylation. Some tumors will rely on catabolism of adipocyte-supplied fatty
acids through p-oxidation for growth and survival (5). Alterations in tumor metabolism will
be associated with increased levels of HK2, PKM2, and Survivin, leading to the inhibition of
mitochondrial pro-apoptotic machinery (6) and resulting in tumor survival and evasion of
therapy
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