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Multiple Myeloma (MM) is an incurable haematological malignancy and is the second most common blood can-
cer in adults; it is caused by the clonal expansion of abnormal plasma cells within the bone marrow and charac-
terized by osteolytic bone lesions, bone pain, renal disease, and immunodeficiency. MM cells infiltrate the bone
marrow where they hijack the microenvironment to sustain growth and survival. The contribution to this process
by resident bone cells is well defined. However, the role of bone marrow adipocytes is less clear. As one of the
most abundant cell types in the bone marrow these cells are surprisingly understudied. However, in the last
few decades they have been recognised as having endocrine function. Adipocytes are metabolically active cells
that secrete adipokines, growth factors, and inflammatory mediators, they influence the behaviour and function
of neighbouring cells; and have the potential to dysregulate normal bone homeostasis. This review discusses how
adipocytes contribute to the metastatic niche in multiple myeloma and cancers that metastasise to the bone and
how these new discoveries may contribute to further understanding the mechanisms driving the devastating
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1. Introduction

There is evidence to suggest that multiple myeloma (MM) has been
present for centuries, with cases documented as far back as 200 CE [1].
However, one of the first well-documented case was in 1844 by the
physician Samuel Solly. Sarah Newbury was a 39-year-old woman
who had first complained of severe back pain 4 years previously.
When she died in 1844, her autopsy showed that a number of her
bones were thinning and her right radius and ulna, left tibia and fibula,
and both femurs were fractured. Solly reported that sections of the
bones revealed a ‘red grumous matter’ (thick and lumpy), ranging
from a deep Modena red to a bright scarlet crimson. On examination
of this red matter it was documented that most of the nucleated cells
had a clear, oval outline and one or, rarely, two bright central nucleoli
[2]. This was the first detailed descriptions of myeloma cells in the
bone marrow and the resulting devastating destruction of the bones.
Another case recorded around the same time was that of Thomas Alex-
ander McBean a well-respected grocer who again presented with bone
pain and fractures. After his death in 1846 his autopsy revealed; the ‘ribs
crumbled under the heel of the scalpel.” They were soft and so brittle
that they ‘could be easily cut by the knife, and readily broken.’ The inte-
rior of the ribs was filled with a soft ‘gelatiniform substance of a blood-
red colour and unctuous feel.” The sternum was soft and fragile and
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snapped when raised and turned back [3]. The bones were observed
to have a similar appearance of those of Sarah Newbury. Another impor-
tant observation made in the case of McBean was the change in his urine
[4]. 1t was described as opaque, acidic and of high density, this was a ref-
erence to the large amounts of paraprotein present in the urine which
unbeknown at the time is a common symptom of MM.

Today MM is well recognised as a condition that causes bone pain,
pathologic fractures, weakness, anaemia, infection (often pneumococ-
cal), hypercalcemia, spinal cord compression, and renal failure [5].
MM is caused by the clonal expansion of abnormal plasma cells which
thrive in the bone-promoting, debilitating bone destruction by initiating
complex interactions with other cells of the bone microenvironment.
The bone consists of a number of different cell types, including nerve
cells and endothelial cells, cells of hematopoietic origin, such as hemato-
poietic stem cells, osteoclasts macrophages, and lymphocytes, as well as
cells from mesenchymal origin, such as osteoblasts, osteocytes,
chondrocytes and adipocytes. In order to maintain healthy bone these
cells provide a supportive niche via cellular cross talk. However, in the
event of disease such as in the cases of Sarah Newbury and Thomas
McBean this protective niche can be commandeered by the cancer
cells and utilised to support tumour growth at the expense of bone
integrity.

In order to target the bone microenvironment effectively the contri-
bution of each cell type needs to be established. Mundy and colleagues
introduced the concept of the “vicious-cycle” which described bi-direc-
tional interactions of cancer cells and bone cells, resulting in osteolysis
and in turn, tumour growth. Cancer cells produce growth factors that
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activate osteoblasts to secrete receptor activator of nuclear factor
kappa-B ligand (RANKL) and downregulate osteoprotegerin (OPG). In
turn, this activates osteoclast precursors to increase osteoclast recruit-
ment and formation resulting in the breakdown of the bone matrix
and the release of bone-derived growth factors, such as transforming
growth factor-p and insulin-like growth factor 1, and raises extracellu-
lar calcium concentrations. These growth factors then bind to receptors
on the tumour cell surface activating SMAD and MAPK signalling, extra-
cellular calcium binds and activates calcium pumps leading to tumour
cell proliferation thereby creating a vicious cycle [6]. This process results
in patients with MM having abnormal bone remodelling, where resorp-
tion and formation become uncoupled, with an increase in bone resorp-
tion and a decrease in bone formation [7]. Myeloma cells are found in
close association with sites of active bone resorption suggesting that
bone disease is mediated locally [8] agreeing with the theory that
tumour and bone cells have a reciprocal relationship resulting in the
occurrence of lytic lesions in the bone. Tumour cells are masters of ma-
nipulation causing their environment to change to their advantage,
bone resorption not only releases growth factors it also creates space
for tumour cell establishment. However as with most biological
processes it is far more complex than a simple see-saw effect between
osteoblasts and osteoclasts. Granted, osteoblasts and osteoclasts are
the gate keepers of normal bone degradation and formation. However
other resident cells also play a role in maintaining a healthy environ-
ment. Mesenchymal stem cells (MSCs) in bone marrow give rise to
stromal cells. These stromal cells are known to support the homing,
proliferation, differentiation, and survival of hematopoietic cells,
however by the same mechanisms stromal cells can also promote
cancer cell migration into the bone marrow [9]. Stromal stem cells can
differentiate into many different cell types depending on their
environmental cues [10,11]. One cell type that has gained a lot of
attention in the last few decades is one of the most abundant cell
types in the marrow; the bone marrow adipocyte. Once thought to
be an inert space filling cell it has now been recognised as having
important endocrine functions [12] as well as being a key player in
bone homeostasis and a potential driver of tumour cell establishment
and progression [13-16].

2. Bone marrow biology

Within the medullary cavity of the bone there are two distinct types
of bone marrow which vary in composition and function, red (hemopoi-
etic, active marrow) and yellow, (fatty, inactive marrow). The red colour
is due to the hemoglobulin in the red cells and the yellow colour is pro-
duced by carotenoids in the fat cells. Marrow cavities in all the bones of
newborn mammals contain hematopoietic red bone marrow. From
early postnatal period onwards, the hematopoietic tissue, mainly in
the bones of the extremities, is gradually replaced by non-hematopoi-
etic MSCs that have started to accumulate lipids, these cells differentiate
into mature adipocytes forming fatty yellow adipose tissue, creating a
distinct patterning of red vs. yellow marrow in the skeleton. The fact
that fatty marrow develops in this conserved, spatial, and temporal
manner implies that is has a defined physiological function. By the age
of 25, approximately 70% of bone volume is occupied by yellow marrow.
Although variation exists, by this age the hematopoietically active red
marrow is mainly confined to the spine, ribs, sternum, pelvis and skull
and to a lesser degree in the proximal metaphyseal regions of the hu-
meri and femora [17], whilst the majority of the long bones contain yel-
low marrow. However, this is not mutually exclusive as by around
70 years of age even the red marrow within the axial sites contains
>50% fat [18]. This observation is supported by longitudinal studies of
patients from birth to 90 years old that show after the initial exponential
accumulation of fatty marrow, there continues to be a gradual increase
in bone marrow adiposity throughout adult life [19]. The exact reasons
for this massive conversion from red to yellow marrow are still unclear.
It is thought that the amount of red marrow may correlate with the

number of healthy proliferating MSCs. As we age our MSC pool capable
of supporting hematopoiesis decreases thereby promoting the accumu-
lation of adipose tissue [20]. Adipocytes thereby make up a large com-
ponent of the bone microenvironment. Is this conversion protective to
the skeleton or detrimental? Or is it a simple consequence of old age?
Many diseases such as cancer preferentially affect the elderly. As we
age our bodies become more susceptible to mutations, DNA damage
and dysregulated gene function [21]. Does an increase in adiposity affect
disease development and progression and if so are there ways of
targeting adipocytes to treat these conditions? These are all important
questions currently under investigation by researchers in the field.

3. Bone marrow adipocytes

Adipocytes are derived from multipotent MSCs that are capable of
differentiating into myocytes, chondrocytes, osteoblasts and adipocytes
[11]. It is postulated that downstream of these multipotent progenitors,
bipotent osteoblast-adipocytes progenitors form an intermediate in
this process [22]. Commitment to either of these two cell lineages is
stimulated by the presence of adipogenic vs. osteogenic factors within
the bone microenvironment that activate their respective transcrip-
tional programs [23,24]. In childhood and early adulthood commitment
appears to support osteoblastogenesis however as we age that commit-
ment decision changes in favour of adipogenesis. This phenomenon can
also be affected by lifestyle such as a lack of exercise and/or a high fat
diet causing obesity which also increases marrow adiposity [25].
Whether this obesity-induced increase mimics aging or whether it pro-
motes further changes to the bone microenvironment is not yet clear.
Marrow adipocytes are smaller than their subcutaneous and visceral
counterparts, although due to enhanced triacylglycerol synthesis they
are just as efficient at storing triacylglycerol during energy excess and
releasing fatty acids in times of energy demand. As with all adipocytes
of the body their main function is to store energy, however, they are
also responsible for secreting an array of signalling molecules known
as adipokines. These adipokines function as classic circulating hormones
to communicate with other organs such as the brain, liver, muscle, the
immune system, and adipose tissue itself. Two of the most abundant
and highly studied adipokines are leptin and adiponectin, which regu-
late calorie uptake and insulin sensitivity, respectively. Adipocytes also
secrete several cytokines such as IL-6, IL-13, and TNF-« [26] which
play a role in regulating adipose tissue metabolism [27]. Adipose tissue
is now recognised as the largest endocrine organ of the body, inputting
signals into numerous physiological processes. Bone marrow adipose
tissue (BMAT) appears to be sensitive to metabolic changes in bone,
such as increasing in size and number in response to a high fat diet. In-
terestingly an increase is also observed upon starvation. Which is con-
verse to the response seen in white and brown adipose depots that
rapidly decrease in response to starvation [28]. To add another level of
complexity there are two types of bone marrow adipose tissue, known
as regulated (rBMAT) and constitutive (cBMAT). It is thought that
cBMAT accumulates with age, and resembles the tightly packed struc-
ture of white adipose tissue. It is located in the less metabolically active
sites of the bone such as the ankle. Whereas rBMAT is made up of more
dispersed cells found scattered among the hematopoietic cells near the
growth plate and trabecular in sites of active bone remodelling. rBMAT
is thought to be the main responder to changes in metabolic demands
increasing and decreasing in response to energy needs [29]. The location
of these cells suggests that rBMAT could play a role in the bone remod-
elling process. This is a theory that warrants closer examination. Cancer
cells that reside in the bone cause devastating destruction, could the
adipokines secreted from these adipocytes promote cancer establish-
ment and progression? If rBMAT is not a contributing factor to bone
turn over then why is it found predominantly in the metabolically active
sites of the bone? It is not just mature adipocytes that need to be consid-
ered. Pre-adipocytes are also metabolically active cells which are known
to express RANKL [30], since during disease establishment the number
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of pre-adipocytes are increased this may also contribute to bone disease
and further drive the vicious cycle. These are questions that are
starting to be addressed in the field and hopefully understanding
marrow adiposity more thoroughly will allow for more effective
treatments for patients who suffer with associated bone diseases,
particularly those who suffer from cancers which metastasise to the
bone, or patients that suffer from cancers such as MM that are derived
from within the bone.

4. Cancer associated bone disease

The bone marrow is a favoured site for several cancers, including
multiple myeloma, and metastasis of breast and prostate cancer.
Around 70-80% of patients with advanced breast or prostate cancer suf-
fer from bone metastasis. This raises the question as to why these cancer
cells preferentially home to the bone. Metastasis is a highly inefficient
process with <0.1% of disseminating cells surviving to form secondary
lesions [31] and even with these odds we see a 70% success rate. It has
long been recognised that each tumour type has a distinct pattern of dis-
semination. This would infer that for breast and prostate cancer cells the
bone is an environment that lends itself to adaptation. Both these cell
types have been shown to participate in the “vicious cycle” promoting
bone destruction, thereby promoting the release of vital growth factors.
However, is this enough for these cells to thrive and cause so much
destruction or do they need to interact with other cells in the bone
microenvironment? Over the past decade there has been a number of
publications that have implicated rBMAT as a driver of prostate cancer
bone metastasis. Adipocytes that reside in the red marrow promote
homing to the bone, and fuel progression by the translocation of lipid
from the adipocyte to the cancer cell via the upregulation of the fatty
acid chaperone FABP4 [13,32,33]. Using a mouse model of diet-induced
marrow adiposity Herroon and colleagues demonstrated that alongside
the upregulation of FABP4, interleukin 1P and its target gene, oxidative
stress protein, heme oxygenase 1 (HMOX-1) was also upregulated in
prostate cancer cells that were in direct contact with bone marrow
adipocytes, supporting the fact that tumour cells utilise marrow
adipocyte-supplied lipids to thrive in skeletal sites [13]. The contribu-
tion to the associated bone disease is thought to be driven in part by
the upregulation of the chemokines, CXCL1 and CXCL2. Adipocytes are
a major source of CXCL1 and CXCL2, which is upregulated by
adipocyte-tumour interactions. These chemokines activate osteoclasto-
genesis thus promoting tumour induced osteolysis [34]. These findings
support the notion that rBMAT may play an active part in normal
bone turnover, and that this process is modified by the presence of can-
cer cells. Breast cancer cells have also been shown to be recruited to
human bone tissue-conditioned medium by adipocyte derived factors.
Templeton and colleagues demonstrated that leptin and IL-1 caused
colonisation of the bone marrow adipose tissue compartment of cul-
tured bone tissue fragments, suggesting that they play a functional
role in the breast cancer metastatic niche [35].

5. Regeneration

As well as adipocytes being involved in promoting cancer progres-
sion they have also been identified as playing a protective role in restor-
ing normal hematopoiesis after chemotherapy treatment. Adipocytes
secrete the cytokine stem cell factor (SCF) which promotes the survival,
proliferation, and differentiation of hematopoietic stem cells and
progenitor cells. Thus, adipocytes promote the regeneration of hemato-
poietic stem cells and hematopoiesis after irradiation therapy or 5-fluo-
rouracil (5-FU) treatment [36]. Patients with acute myeloid leukaemia
suffer from fatal infections and anaemia due to hematopoietic failure.
These patients have a depletion of rBMAT in the marrow. This was
first thought to be due to simply out crowding by the tumour cells.
However, it has now come to light that leukaemia cells utilise adipo-
cytes via lipids translocation in a similar manner to prostate cancer

cells, thereby, depleting the adipocyte pool. The consequence of this is
a decrease in proliferation of the hematopoietic stem cells resulting in
the prevention of normal blood production [37]. These findings suggest
that following chemotherapy, stimulation of the adipocyte niche may be
a potential therapeutic strategy, highlighting the importance of marrow
adipose tissue. Although adipocytes clearly promote cancer cell survival
they also play a positive role during therapy. Targeting these cells could
be challenging, suppressing the functions and secretions that drive can-
cer progression and abnormal bone turnover, whilst keeping a healthy
balance for future regeneration.

6. Multiple myeloma

MM is most prevalent in people over the age of 55 years of age with
incidence in the UK peaking in the 85-89 age range [38]. If adiposity
continues to accumulate over time by the age of 55-90 years old the
proportion of yellow marrow vs. red marrow is considerable. Could
this level of adiposity be creating a permissive environment for mye-
loma cells to establish and thrive? Myeloma is known to preferentially
home to the spine, pelvis, ribs, skull and metaphyses of long bones, in-
triguingly with distribution similar to that of red bone marrow [39]. In
2016 the International Agency for Research on Cancer (IARC) listed my-
eloma as one of 13 types of cancer that was positively associated with
obesity [40]. More work needs to be done to understand the details of
this association. Is it an accumulation of white adipose tissue or is it a
consequence of an increase in marrow adiposity caused by obesity
that is promoting the disease? Unlike most other conditions myeloma
is nearly always preceded by a condition known as Monoclonal
Gammopathy of Undetermined Significance (MGUS). Obesity is posi-
tively correlated with progression from MGUS to myeloma. In fact a
study carried out by Chang and colleagues showed that obese patients
are 20% more likely to progress to full blown disease. Therefore, by un-
derstanding the disease further and the interactions that drive the pro-
gression from MGUS to myeloma there is a window of opportunity to
advice MGUS suffers to modify their lifestyle thus modifying their risk
of progression. MGUS patients present with abnormal paraprotein in
their blood and urine just as in the case of McBean. However, the differ-
ence being that they do not suffer with any of the other complications
such as the associated bone disease. Living with MGUS has often been
described as living like a ticking time bomb with no idea of when, if in-
deed at all, the condition will progress. Could it be that a normal propor-
tion of marrow adiposity is healthy and protective, however, if that
balance is lost and extra BMAT accumulates it could become a fuel for
disease initiation and progression.

7. Myeloma bone disease

MM-induced bone disease occurs as myeloma cells colonise the
bone marrow, upon engraftment they initialise the steps of the vicious
cycle accelerating osteoclastogenesis through the expression of mole-
cules including MIP-1alpha RANKL, MMP-13 and Decoy receptor 3
(DcR3) [41-43]. In addition, myeloma cells inhibit osteoblastogenesis
through expression of Dickkopf-1 (DKK-1) [44] and induction of in-
creased sclerostin levels from neighbouring osteocytes [45]. This results
in the disruption of normal bone remodelling skewing the balance to-
wards increased osteolytic processes. These pathological processes are
well defined in terms of the link between resident bone cells and invad-
ing MM cells. However, as with other metastatic cancers there is now
emerging evidence to suggest that MM cells are fuelled and driven by
more than bone cell interaction. Both pre-adipocytes and mature adipo-
cytes have been shown to promote MM migration, proliferation and
survival. MM cells are recruited by adipocytes to the bone marrow via
the expression of chemoattractant molecules such as MCP-1 and SDF-
1ot [46]. On establishment in the bone marrow MM cells thrive by
utilising growth factors secreted by cells of the bone microenvironment
such as IL-6, TNF-«, IGF-1 and HGF [47-50] to promote adhesion,
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proliferation and overall survival. Adhesion of MM to adipocytes ap-
pears to offer a level of protection against apoptosis, having a detrimen-
tal effect on the efficacy of chemotherapy [26]. Adipocytes also secrete a
plethora of adipokines some of which are known to be dysregulated in
MM such as leptin, adipsin, adiponectin visfatin and resistin. Leptin is
a well-known adipokine responsibly for satiety, which has been found
to be elevated in MM patients, with levels reducing in response to dis-
ease treatment [51]. Leptin and adipsin play a role in chemo-resistance
by inducing autophagy via Jak/Stat3 signalling, thereby reducing che-
motherapy-induced apoptosis [52]. Adiponectin is known as a “good”
adipokine exerting anti-tumour effects by decreasing cellular prolifera-
tion and increasing apoptosis of myeloma cells via the activation of
AMPK and MAPK [53]. Adiponectin levels are found to be lowered in
the serum of MM patients [54]. Visfatin has been shown to be tumour
promoting; myeloma cells treated with the PBEF1 inhibitor APO866
had a reduction in cellular proliferation coupled by an induction of
apoptosis [55]. Resistin has been found to be a double-edged sword
with low levels of resistin being associated with risk [54], and high
levels are linked to the promotion of drug resistance, abrogating chemo-
therapy-induced apoptosis in myeloma cells via the inhibition of
chemotherapy-induced caspase cleavage [56]. These findings may sug-
gest that resistin plays a different role in different stages of the disease.
Examples like this one highlight how heterogeneous, and constantly
evolving these tumour cells are. However, for many of these adipokines
they could be potentially promising targets for future treatment
strategies. As well as utilising adipokines MM cells also respond to
locally released growth factors to promote proliferation however it is
not yet clear whether they also utilise lipid translocation in a compara-
ble manner to prostate, leukaemia and ovarian cancer cells [57] to also
fuel their progression.

Since adipocytes and osteoblasts are derived from a common pro-
genitor any shift in the direction of increased adipogenesis would
have a negative effect on osteoblastogenesis. This phenomenon is ob-
served in post-menopausal women [58], degenerative bone disorders
such as osteoporosis [59,60] and obesity [61] and is associated with
poor bone quality. MM progression is positively correlated with obesity
suggesting that an increase in adiposity creates a more favourable envi-
ronment. This could be due to increased FFA release as a consequence of
elevated adipocyte numbers, the changes in adipokine secretion that
accompanies obesity or the imbalance of resident cells in the micro-
environment. Moreover, it could be a combination of any or all of
these factors. The changes in circulating factors secreted by both
pre-adipocytes and mature adipocytes may have an overarching ef-
fect on the microenvironment itself. Obesity causes a low level of
chronic inflammation recruiting macrophages into the marrow,
macrophages are a major source of TNF-o, TNF-ot activates RANKL
expression in the adipocytes as well as osteoblasts which in turn ac-
tivates osteoclast differentiation [62]. Therefore an increase in adi-
pocyte number could potentially result in enhanced abnormal bone
remodelling and thus further promote bone disease. These changes
consequentially support MM cell growth allowing them to thrive
and utilise the adipocytes as an energy source. It is interesting that
MM is a cancer of multiple sites but has never been reported in
WAT. This suggests either that the differences in BMAT and WAT
are subtle enough to have completely different effects on MM cells
or that an environment that consists of adipocytes alone is not a
favourable one, and that it is the additive effect of an increase in adipos-
ity alongside a dysregulation of bone turnover that drives disease. It
could be described that the bone destruction is generated by a machine
composed of bone cells, driven by MM cells and fuelled by adipocytes.
One question that remains unanswered is whether MM cells them-
selves induce an increase in adiposity at any stage of disease, thereby
causing favourable adaptation from the outset. However, what is clear
is that the combination of an increase created in BMAT and an
uncoupling of normal bone degradation and formation promotes MM
and its associated bone disease.

8. Conclusion

We have learnt a great deal about the bone microenvironment and
its role in disease since both Sarah Newbury's and Alexander McBean's
conditions were first documented. They were treated with old-fash-
ioned tonics, infusions of orange peel and rhubarb pills. Today patients
are treated with more strategic therapies such as dexamethasone,
bortezomib, carfilzomib and ixazomib which specifically target the
MM cells, often in combination with antiresorptive agents such as
bisphosphonates that target the bone disease. However, even with
modern treatments MM remains an incurable disease. This suggests
that a piece of the puzzle is missing, why are these therapies not
enough, what does the bone microenvironment offer that is protecting
these cells, and how can it be targeted? With this in mind a more con-
certed approach is needed. The influence of other resident cells needs
to be considered. There is mounting evidence that increased adiposity
is tumour promoting and so using therapies that cause apoptosis to
not only MM cells but other cells in the marrow could create more
space for further BMAT expansion which may have a negative effect
on long-term treatment outcomes. One signalling pathway that has
gained a lot of attention as a potential therapeutic target is the Wnt sig-
nalling pathway. Wnt signalling pushes MSCs to preferentially differen-
tiate down the osteoblastic lineage, thereby inhibiting adipogenesis.
DKK1 and sclerostin are both Wnt inhibitors and are found to be ele-
vated in MM patients. Anti-DKK1 antibodies and anti-sclerostin anti-
bodies may be potential therapeutic candidates for future therapies as
these act in two ways; increasing osteoblastogenesis which would
have a positive effect on bone disease whilst inhibiting adipogenesis
[63,64]. These treatments need to be validated in clinical trials so the
verdict is still out as to whether they are effective treatment options. It
may be that developing drugs to target the bone marrow microenviron-
ment in the pursuit of a cure for MM is still only an idea. However, in the
management and monitoring of MGUS this is a different story. There is
enough evidence to suggest that MGUS patients should be advised to
consider their weight as a factor for progression and that it should be
standard practice to advise these patients that lifestyle could be the ul-
timate lifesaver. This is an exciting time in the marrow adiposity field
with momentum building as more research groups take up the chal-
lenge of understanding more about how these cells and their contribute
to both bone health and disease.
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