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Bone marrow adipocytes are scattered throughout the hematopoietic or “red” marrow, or are densely packed in the
marrow cavity, creating “yellow” marrow.
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| 1. Introduction

Bone cancer is one of the most destructive and painful manifestations of malignancy, and is often terminal for patients
with tumors that originate in other locations and disseminate through the bloodstream to the bone marrow. Bone cancers
can also result from a primary tumor within the bone, such as an osteosarcoma, or a hematopoietic malignancy that
originates either within the bone marrow or elsewhere in the blood or lymph nodes, such as multiple myeloma, lymphoma,
or leukemia.

| 2. BMAT and Multiple Myeloma

Aging and obesity are now well-known risk factors for multiple myeloma (MM), a blood cancer of the plasma cell, as well
as its precursor disease, monoclonal gammopathy of undefined significance (MGUS)EL. As obesity and aging also cause
increases in BMAT, researchers have asked the logical question: does BMAT contribute to the risk of MM or contribute to
the disease progression? A major question in the field is if and how aging, through effects on the BM niche, contributes to
increased cancer risk (independent from increasing mutational burden within cells®2 and weakening the immune
systemi2)). This question is especially relevant in MM, where aging is a major risk factor and driver mutations are diverse
and evolve chronologically and spatially2!,

The review “Signaling Interplay between Bone Marrow Adipose Tissue and Multiple Myeloma Cells"®4 provided an
overview of the field of myeloma and BMAT in 2016. Since then, more evidence has demonstrated the many ways in
which BMAds support myeloma cells. The Yang laboratory found that mature adipocytes in bone marrow protect myeloma
cells against chemotherapy through autophagy activation2 and that myeloma-associated adipocytes contribute to bone
disease!®8 through PPARY, EZH2, and PRC2-related mechanisms. Moreover, they demonstrated that myeloma cells can
shift the balance from osteoblastogenesis to adipogenesis through inhibiting the ubiquitin ligase MURF1 in MSCs2, This
laboratory also found that the adipocyte-derived factor, resistin, induces multidrug resistance in MM cells by inhibiting cell
death and upregulating the ABC transporter protein expression=8l,

Leptin is a known pro-myeloma adipokine factor that is also increased in obesity. Analysis of leptin levels in humans
identified significantly higher leptin in MM patients compared with normal controls, and found that leptin levels were
positively correlated with MM clinical stage and other clinical predictors2Y. Not only does leptin support MM cell
proliferation and reduced toxicity of bortezomib[2l, but it also counteracts the anti-tumoral activity of invariant natural killer
T (INKT) cells, which express the leptin receptor 24, Thus, leptin appears to both directly support tumor cells and
indirectly support them through effects on the immune system, suggesting that targeting this obesity-related factor, either
through decreasing obesity or blocking leptin—leptin receptor signaling, could be a promising therapy in MM or other

obesity-related cancers.

Other adipokines, such as apelin®Z and chemerin28], are suggested as diagnostic markers for MM, although the potential
for targeting them therapeutically is unknown. IL-6 is one of the most well-known pro-myeloma adipokines, and targeting
of IL6 signaling is under clinical investigation with monoclonal antibodies to IL-6 (siltuximab) or the IL-6 receptor
(tocilizumab)®2, CCL2/monocyte chemotactic protein-1 (MCP-1) is an adipokine that promotes macrophage-associated
chemoresistance in MM by shifting macrophages towards the M2-like phenotypel8. Targeting nicotinamide



phosphoribosyltransferase (visfatin) in tumor cells themselves using siRNA transfection has recently been shown to
reduce cell proliferation and induce apoptosis, however the potential advantage of inhibiting visfatin derived from local or
distant adipocytes is not known(22,

The role of fatty acid metabolism in MM has recently been reviewed®, and researchers are currently exploring if
targeting fatty acid metabolism in MM cells basally or when in co-culture with BMAT is a viable new therapeutic target.
Evidence suggests that omega-3 fatty acids may have anti-myeloma effects via induction of apoptosis through both
mitochondrial and cell death receptor pathways/®l or by reducing MM exosome-mediated suppression of natural killer
(NK) cell cytotoxicity®. Similarly, arachidonic acid, a biologically active fatty acid, can induce apoptosis in chronic myeloid
leukemia (CML) cells®3], and may induce ferroptosis-mediated cell death in MME3l. However, other fatty acids may
support myeloma cells through acting as inflammatory mediators or as a fuel source for MM cells, as has been seen in
melanomal®, and thus targeting fatty acid metabolism (for example with Triacsin C, an ACSL inhibitor) may represent a
novel way to inhibit tumor cells®3. In addition to targeting fatty acid metabolism, our laboratory has recently found that

targeting fatty acid transport or uptake proteins may be another way to impede growth or drug resistance evolution in
MMm(26l(ee]

The Edwards laboratory recently built on their previous findings by demonstrating that myeloma cells downregulate the
anti-myeloma protein adiponectin via TNFal®Z. This study also demonstrated an increase in BMAT in early disease or low
tumor burden in micel®d, implicating a potential role for MM cells in accelerating adipogenic differentiation of progenitors.
However, a recent study published by Mehdi et al. utilizing single-cell RNA-Seq suggests that myeloma-patient-derived
MSCs are functionally quiescent and exhibit gene expression profiles consistent with impaired adipogenesis and
enhanced angiogenesis compared to MSCs from normal donorsl€8l, These authors also identified a novel IGFBP2+-
expressing population of small adipocytes that is suppressed in MM, which may contribute to reduced osteoblast
differentiation and the vicious cycle of MM-induced bone disease. Our laboratory!22, as well as the Edwards laboratoryl€4,
have found that BMAdSs shrink in the later stages of myeloma progression and that MM cells can have differing effects on
adipogenesis based on tumor cell type or culture conditions®®d. We have also now demonstrated a senescence-
associated secretory phenotype (SASP) in local adipocytes exposed to MM cells?d, adipocytes exposed before
differentiation to MM cells®, and in MSCs exposed to MM cells or from MM patients?2. SASP proteins such as IL-6 can
stimulate proliferation or drug resistance in myeloma cells, and thus targeting senescent bone marrow cells or
senescence in general in the bone marrow niche represents a potential novel therapeutic target for MM patients. Table
2 summarizes ways in which myeloma cells and other tumor cells can hijack and modulate BMAdSs.

Table 2. Factors and mechanisms through which BMAds are affected by tumor cells.

Factors Example References
Induction of Lipolysis (Shrinking of Adipose triglyceride lipase (ATGL) and phosphorylation and [32][7][72]
Adipocytes) activation of hormone-sensitive lipase (HSL)
Induction of Senescence-Associated IL6, CXCL1, CXCL2 [22]

Secretory Phenotype

Pro-Tumor Factors COX-2 and MCP-1 L&)
Decreased Anti-Tumor Hormones Adiponectin 67

Mature Adipocyte Size Can Increase in a4 integrin subunit on MM cells stimulating VCAM1 On MSCs

Early Stages of Disease. MSCs Skewed causn‘!g ac_tlvatlon of I_chBl signaling an_d repres_sm_n of _the [23][55][67]
R - - muscle ring-finger protein-1 (MURF1)-mediated ubiquitylation of
from Osteogenesis to Adipogenesis. Ppary2

| 4. BMAT and Breast and Prostate Cancer

A recent review has discussed the roles of BMAds (and leptin, adiponectin, and Sam68 specifically) in bone metastasis
from breast cancerl?®. There are conflicting results when analyzing the influence of age in the development of bone
metastasis for breast cancer patientsZ4. Obesity, however, is a strong risk factor for developing breast cancer, and
although one study found that obesity had no effect on the recurrence pattern of early breast cancer patients, it did find
that obese early breast cancer patients had shorter overall survival compared to their normal-weight counterpartsiZ. To
analyze the role of BMAds in bone metastasis specifically, the King laboratory has performed elegant work demonstrating
that breast cancer cells migrate to BMAds and interact with them closely using human tissue femur explantsZ8Z4. Using
co-injections of breast cancer cells and adipocytes or pre-adipocytes into nude mice, BMP9 was found to inhibit the
growth and metastasis of breast cancer cells, which may be in part related to their interaction with pre-adipocytes or
adipocytes via leptin signaling!Z.



The Podgorski laboratory demonstrated that prostate and breast cancer cells exposed to adipocyte-rich environments
increase HO-1, an oxidative stress enzyme, which contributes to tumor growth and invasiveness. Adipocytes also
induced expression of the endoplasmic reticulum (ER) chaperone BIP and splicing of XBP1, indicating adipocyte-driven
unfolded protein response, which was sensitive to antioxidant treatment. Survivin expression in tumor cells was found to
contribute to tumor cell survival in response to oxidative and ER stress or HO-1 induction by adipocyte exposurel23l. This
laboratory also demonstrated the importance of using 3D culture systems wherever possible to co-culture adipocytes and
prostate cancer cells, similar to what we have seen in BMAT and myeloma 3D culturest3l to create a more
physiologically relevant culture systemlZ8. Recently, the Podgorski laboratory demonstrated that prostate tumor cell-
derived IL1B can induce an inflammatory phenotype in BMAds and decrease sensitivity to docetaxel via lipolysis-
dependent mechanisms!Z8. This team also observed that CXCL1 and CXCL2 derived from BMAds contribute to osteolysis
in metastatic prostate cancerl’2. These data suggest that BMAds contribute to cancer-associated bone disease, which is
a very interesting avenue to pursue.

The Podgorski laboratory also found that BMAds promote a Warburg phenotype (i.e., extensive glycolysis even in the
presence of oxygen) in metastatic prostate tumors via HIF-1a activation and demonstrated that the lipolytic enzymes
Adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) are upregulated in BMAds exposed to prostate
cancer cells, which paralleled a release of FFAs from the BMAds[32. Although all FFAs can act as a fuel source for FAO,
the nature and properties of the FFA released from BMAds may be very important, as inflammatory fatty acids may
specifically increase prostate cancer bone metastasis. For example, Wang et al. found that the total level of FFAs and
caprylic acid (C8:0) were significantly higher in prostate cancer patients with bone metastases, and demonstrated in vitro
with co-culture systems that caprylic-acid-treated adipocytes promoted the invasion and migration of prostate cancer
cellsl8l, As described with MM above, alterations in lipid metabolism are also observed in breast tumors at both the
cellular and tissue levels, Targeting lipid metabolism in cancer cells in the bone marrow holds great promise, but more
analyses (specifically metabolic flux, proteomic or lipidomic mass spectrometry, gene expression, and functional outputs)
are needed in tumor cells treated with different FFAs before safely and effectively targeting fatty acid metabolism in
preclinical and clinical settings can become a reality.

| 5. BMAT and Leukemia

Data are accumulating showing that leukemic cells are also protected from chemotherapy-induced cytotoxicity when in
close proximity to BMAds through an array of mechanisms. This topic has been specifically covered in a comprehensive
review from Dr. Fischer-Posovszky's group 2, in which they raise the question about the role of BMAds with the title
“Adipocytes in Hematopoiesis and Scute Leukemia: Friends, Enemies, or Innocent Bystanders?”. It appears that BMAds
have temporally and disease-state-dependent roles in acute myeloid leukemia (AML) progression and myelo-erythroid
maturation. Adipocytes can sequester and metabolize the chemotherapy daunorubicin2, and this is in part due to a
complex loop whereby adipocytes protect acute lymphoblastic leukemia (ALL) cells from oxidative-stress-induced cell
death (which can also be mimicked by treating the cells with antioxidants), while ALL cells induce oxidative stress in
adipocytes, which leads to their secretion of pro-survival factors that protect tumor cells from daunorubicin42. The team
also found that glutathione synthesis is partially the cause of BMAd protection of ALL cells42!,

However, leukemic suppression of BMAds has also been shown by Boyd et al. to lead to imbalanced regulation of
endogenous hematopoietic stem and progenitor cells, resulting in impaired myelo-erythroid maturation?2. This team
found that in vivo administration of PPARy agonists induced BM adipogenesis, which rescued healthy hematopoietic
maturation while repressing leukemic growth. The study was the first to identify an unappreciated axis between BM
adipogenesis and normal myelo-erythroid maturation that could potentially have therapeutic implications for BM failure in
AML by non-cell autonomous targeting of the nichelZ2l,

Similarly to that described in later stage MM, AML patients have been found to have fewer and smaller adipocytes in their
BM sections, as based on perilipin immunohistochemistry (IHC), compared to controlsil. An adverse effect of smaller
adipocytes on AML patient prognosis has been observed®2., Similarly to that described in other cancers, FABP4 appears
to be a potential target in AML, as it promotes AML aggressiveness through enhanced DNMT-1-dependent DNA
methylation!®3lB4l The Shi group also found that leukemic cells can produce growth differentiation factor 15 (GDF15),
which remodels the residual BMAds into small adipocytes and is associated with a poor prognosis in AML patients, and
that transforming growth factor-p type Il receptor (TGFPRII) is the main receptor for GDF15 on BMAdsY. They showed
that transient receptor potential vanilloid (TRPV) channels negatively regulated GDF15-induced remodeling of BMAdSs,
and found that GDF15 reduced the expression of the transcription factor Forkhead box C1 (FOXC1) in BMAds!ZY, Shafat
et al. demonstrated that AML blasts program BMAds to generate a protumoral microenvironment as well82, AML cells
induced adipocyte lipolysis of triglycerides via increased HSL activity, which released FFAs. Upregulated FABP4 in both



AML cells and adipocytes was observed when they were in co-culture, which increased tumor cell proliferation, as

validated by short hairpin RNA knockdown experiments [, They also found that inhibiting CPT1A in an AML-patient-

derived xenograft model improved mouse survivall®l, again supporting that fatty acid metabolism is a pro-survival

metabolic pathway for tumor cells in the bone marrow. Also in AML, Tabe et al. demonstrate that tumor cells are protected

from spontaneous apoptosis via upregulation of FAO and from increased AMP-activated protein kinase (AMPK) signaling

resulting from FFA transfer from BMAds28l. The recent review by this group is an excellent resource on this topic and

highlights the recent progress in our understanding of fatty acid metabolism in AML cells in the adipocyte-rich BM

microenvironment!Zd.

References

1.

10.

11.

12.

13.

14.

15.

Scheller, E.L.; Doucette, C.R.; Learman, B.S.; Cawthorn, W.P.; Khandaker, S.; Schell, B.; Wu, B.; Ding, S.-Y.; Bredella,
M.A.; Fazeli, P.K.; et al. Region-specific variation in the properties of skeletal adipocytes reveals regulated and constitut
ive marrow adipose tissues. Nat. Commun. 2015, 6, 7808.

. Scheller, E.L.; Cawthorn, W.P.; Burr, A.A.; Horowitz, M.C.; MacDougald, O.A. Marrow Adipose Tissue: Trimming the Fa

t. Trends Endocrinol. Metab. 2016, 27, 392—403.

. Suchacki, K.J.; Tavares, A.A.S.; Mattiucci, D.; Scheller, E.L.; Papanastasiou, G.; Gray, C.; Sinton, M.C.; Ramage, L.E;

McDougald, W.A.; Lovdel, A.; et al. Bone marrow adipose tissue is a unique adipose subtype with distinct roles in gluco
se homeostasis. Nat. Commun. 2020, 11, 1-18.

. Almeida, M.; Kim, H.; Han, L.; Zhou, D.; Thostenson, J.; Porter, R.M.; Ambrogini, E.; Manolagas, S.C.; Jilka, R.L. Increa

sed marrow adipogenesis does not contribute to age-dependent appendicular bone loss in female mice. Aging Cell 202
0, 19, e13247.

. Turner, R.T.; Philbrick, K.A.; Wong, C.P.; Gamboa, A.R.; Branscum, A.J.; Iwaniec, U.T. Effects of Propranolol on Bone,

White Adipose Tissue, and Bone Marrow Adipose Tissue in Mice Housed at Room Temperature or Thermoneutral Temp
erature. Front. Endocrinol. 2020, 11, 117.

. Cawthorn, W.P.; Scheller, E.L.; Parlee, S.D.; Pham, H.A.; Learman, B.S.; Redshaw, C.M.H.; Sulston, R.J.; Burr, A.A.; D

as, A.K.; Simon, B.R.; et al. Expansion of Bone Marrow Adipose Tissue During Caloric Restriction Is Associated With In
creased Circulating Glucocorticoids and Not With Hypoleptinemia. Endocrinology 2016, 157, 508-521.

. Craft, C.S.; Robles, H.; Lorenz, M.R.; Hilker, E.D.; Magee, K.L.; Andersen, T.L.; Cawthorn, W.P.; MacDougald, O.A.; Ha

rris, C.A.; Scheller, E.L. Bone marrow adipose tissue does not express UCP1 during development or adrenergic-induce
d remodeling. Sci. Rep. 2019, 9, 1-14.

. Craft, C.S.; Li, Z.; MacDougald, O.A.; Scheller, E.L. Molecular Differences between Subtypes of Bone Marrow Adipocyt

es. Curr. Mol. Biol. Rep. 2018, 4, 16-23.

. Podar, K.; Shringarpure, R.; Tai, Y.-T.; Simoncini, M.; Sattler, M.; Ishitsuka, K.; Richardson, P.G.; Hideshima, T.; Chauha

n, D.; Anderson, K.C. Caveolin-1 Is Required for Vascular Endothelial Growth Factor-Triggered Multiple Myeloma Cell
Migration and Is Targeted by Bortezomib. Cancer Res. 2004, 64, 7500-7506.

Tratwal, J.; Labella, R.; Bravenboer, N.; Kerckhofs, G.; Douni, E.; Scheller, E.L.; Badr, S.; Karampinos, D.C.; Beck-Cor
mier, S.; Palmisano, B.; et al. Reporting Guidelines, Review of Methodological Standards, and Challenges Toward Har
monization in Bone Marrow Adiposity Research. Report of the Methodologies Working Group of the International Bone
Marrow Adiposity Society. Front. Endocrinol. 2020, 11, 65.

Bravenboer, N.; Bredella, M.A.; Chauveau, C.; Corsi, A.; Douni, E.; Ferris, W.F.; Riminucci, M.; Robey, P.G.; Rojas-Sutt
erlin, S.; Rosen, C.; et al. Standardised Nomenclature, Abbreviations, and Units for the Study of Bone Marrow Adiposit

y: Report of the Nomenclature Working Group of the International Bone Marrow Adiposity Society. Front. Endocrinol. 20
20, 10, 923.

Zhou, B.O.; Yue, R.; Murphy, M.M.; Peyer, J.G.; Morrison, S.J. Leptin-Receptor-Expressing Mesenchymal Stromal Cell
s Represent the Main Source of Bone Formed by Adult Bone Marrow. Cell Stem Cell 2014, 15, 154-168.

Fairfield, H.; Falank, C.; Farrell, M.; Vary, C.; Boucher, J.M.; Driscoll, H.; Liaw, L.; Rosen, C.J.; Reagan, M. Developmen
t of a 3D bone marrow adipose tissue model. Bone 2019, 118, 77-88.

Tencerova, M.; Figeac, F.; Ditzel, N.; Taipaleenmaki, H.; Nielsen, T.K.; Kassem, M. High-Fat Diet-Induced Obesity Prom
otes Expansion of Bone Marrow Adipose Tissue and Impairs Skeletal Stem Cell Functions in Mice. J. Bone Miner. Re
s. 2018, 33, 1154-1165.

Woods, G.N.; Ewing, S.K.; Sigurdsson, S.; Kado, D.M.; Eiriksdottir, G.; Gudnason, V.; Hue, T.F.; Lang, T.F.; Vittinghoff,
E.; Harris, T.B.; et al. Greater Bone Marrow Adiposity Predicts Bone Loss in Older Women. J. Bone Miner. Res. 2020, 3
5, 326-332.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Takeshita, S.; Fumoto, T.; Naoe, Y.; Ikeda, K. Age-related Marrow Adipogenesis Is Linked to Increased Expression of R
ANKL. J. Biol. Chem. 2014, 289, 16699-16710.

Fan, Y.; Hanai, J.-I.; Le, P.T.; Bi, R.; Maridas, D.; DeMambro, V.; Figueroa, C.A.; Kir, S.; Zhou, X.; Mannstadt, M.; et al.
Parathyroid Hormone Directs Bone Marrow Mesenchymal Cell Fate. Cell Metab. 2017, 25, 661-672.

Feng, B.; Chen, L. Review of Mesenchymal Stem Cells and Tumors: Executioner or Coconspirator? Cancer Biother. Ra
diopharm. 2009, 24, 717-721.

Tratwal, J.; Bekri, D.; Boussema, C.; Sarkis, R.; Kunz, N.; Koligi, T.; Rojas-Sutterlin, S.; Schyrr, F.; Tavakol, D.N.; Camp
0s, V.; et al. MarrowQuant Across Aging and Aplasia: A Digital Pathology Workflow for Quantification of Bone Marrow C
ompartments in Histological Sections. Front. Endocrinol. 2020, 11.

Li, J.; Zhang, N.; Huang, X.; Xu, J.; Fernandes, J.C.; Dai, K.; Zhang, X. Dexamethasone shifts bone marrow stromal cel
Is from osteoblasts to adipocytes by C/EBPalpha promoter methylation. Cell Death Dis. 2013, 4, e832.

Costa, S.; Reagan, M. Therapeutic Irradiation: Consequences for Bone and Bone Marrow Adipose Tissue. Front. Endo
crinol. 2019, 10, 587.

Fairfield, H.; Dudakovic, A.; Khatib, C.M.; Farrell, M.; Costa, S.; Falank, C.; Hinge, M.; Murphy, C.S.; DeMambro, V.; Pe
ttitt, J.A.; et al. Myeloma-modified adipocytes exhibit metabolic dysfunction and a senescence-associated secretory phe
notype (SASP). Cancer Res. 2020.

Trotter, T.N.; Gibson, J.T.; Sherpa, T.L.; Gowda, P.S.; Peker, D.; Yang, Y. Adipocyte-Lineage Cells Support Growth and
Dissemination of Multiple Myeloma in Bone. Am. J. Pathol. 2016, 186, 3054—-3063.

Zhou, B.O.; Yu, H.; Yue, R.; Zhao, Z.; Rios, J.J.; Naveiras, O.; Morrison, S.J. Bone marrow adipocytes promote the reg
eneration of stem cells and haematopoiesis by secreting SCF. Nat. Cell Biol. 2017, 19, 891-903.

Tikhonova, A.N.; Dolgalev, |.; Hu, H.; Sivaraj, K.K.; Hoxha, E.; Cuesta-Dominguez, A.; Pinho, S.; Akhmetzyanova, I.; G
ao, J.; Witkowski, M.; et al. The bone marrow microenvironment at single-cell resolution. Nat. Cell Biol. 2019, 569, 222—
228.

Farrell, M.; Fairfield, H.; Murphy, C.S.; D’Amico, A. Targeting Bone Marrow Adipose Tissue and the FABP Family Increa
ses Efficacy of Dexamethasone in Multiple Myeloma. In Proceedings of the Blood; American Society of Hematology: W
ashington, DC, USA, 2020; Volume 136, pp. 13-14.

Herroon, M.K.; Rajagurubandara, E.; Hardaway, A.L.; Powell, K.; Turchick, A.; Feldmann, D.; Podgorski, |. Bone marro
w adipocytes promote tumor growth in bone via FABP4-dependent mechanisms. Oncotarget 2013, 4, 2108-2123.

Tabe, Y.; Yamamoto, S.; Saitoh, K.; Sekihara, K.; Monma, N.; Ikeo, K.; Mogushi, K.; Shikami, M.; Ruvolo, V.; Ishizawa,
J.; et al. Bone Marrow Adipocytes Facilitate Fatty Acid Oxidation Activating AMPK and a Transcriptional Network Suppo
rting Survival of Acute Monocytic Leukemia Cells. Cancer Res. 2017, 77, 1453-1464.

Soley, L.; Falank, C.; Reagan, M. MicroRNA Transfer Between Bone Marrow Adipose and Multiple Myeloma Cells. Cur
r. Osteoporos. Rep. 2017, 15, 162-170.

Liu, Z.; Xu, J.; He, J.; Liu, H.; Lin, P.; Wan, X.; Navone, N.M.; Tong, Q.; Kwak, L.W.; Orlowski, R.Z.; et al. Mature adipoc
ytes in bone marrow protect myeloma cells against chemotherapy through autophagy activation. Oncotarget 2015, 6, 3
4329-34341.

Yu, W.; Cao, D.-D.; Li, Q.-B.; Mei, H.-L.; Hu, Y.; Guo, T. Adipocytes secreted leptin is a pro-tumor factor for survival of m
ultiple myeloma under chemotherapy. Oncotarget 2016, 7, 86075—-86086.

Diedrich, J.D.; Rajagurubandara, E.; Herroon, M.K.; Mahapatra, G.; Huttemann, M.; Podgorski, I. Bone marrow adipocy
tes promote the Warburg phenotype in metastatic prostate tumors via HIF-1a activation. Oncotarget 2016, 7, 64854—64
877.

Herroon, M.K.; Rajagurubandara, E.; Diedrich, J.D.; Heath, E.l.; Podgorski, I. Adipocyte-activated oxidative and ER stre
ss pathways promote tumor survival in bone via upregulation of Heme Oxygenase 1 and Survivin. Sci. Rep. 2018, 8, 1—
16.

Favreau, M.; Menu, E.; Gaublomme, D.; Vanderkerken, K.; Faict, S.; Maes, K.; De Bruyne, E.; Govindarajan, S.; Drenn
an, M.; Van Calenbergh, S.; et al. Leptin receptor antagonism of iINKT cell function: A novel strategy to combat multiple
myeloma. Leukemia 2017, 31, 2678—2685.

Clark, R.; Krishnan, V.; Schoof, M.; Rodriguez, |.; Theriault, B.; Chekmareva, M.; Rinker-Schaeffer, C.W. Milky Spots Pr
omote Ovarian Cancer Metastatic Colonization of Peritoneal Adipose in Experimental Models. Am. J. Pathol. 2013, 18
3, 576-591.

Shang, C.; Qiao, J.; Guo, H. The dynamic behavior of lipid droplets in the pre-metastatic niche. Cell Death Dis. 2020, 1
1, 990.



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mukherjee, A.; Chiang, C.-Y.; Daifotis, H.A.; Nieman, K.M.; Fahrmann, J.F,; Lastra, R.R.; Romero, I.L.; Fiehn, O.; Lengy
el, E. Adipocyte-Induced FABP4 Expression in Ovarian Cancer Cells Promotes Metastasis and Mediates Carboplatin R
esistance. Cancer Res. 2020, 80, 1748-1761.

Tian, W.; Zhang, W.; Zhang, Y.; Zhu, T.; Hua, Y.; Li, H.; Zhang, Q.; Xia, M. FABP4 promotes invasion and metastasis of
colon cancer by regulating fatty acid transport. Cancer Cell Int. 2020, 20, 1-13.

Ni Bong, I.P.; Ng, C.C.; Fakiruddin, S.K.; Nian, L.M.; Zakaria, Z.; Lim, M.N. Small interfering RNA-mediated silencing of
nicotinamide phosphoribosyltransferase (NAMPT) and lysosomal trafficking regulator (LYST) induce growth inhibition a
nd apoptosis in human multiple myeloma cells: A preliminary study. Bosn. J. Basic Med Sci. 2016, 16, 268—275.

Geneste, A.; Duong, M.N.; Molina, L.; Conilh, L.; Beaumel, S.; Cleret, A.; Chettab, K.; Lachat, M.; Jordheim, L.P.; Mater
a, E.-L.; et al. Adipocyte-conditioned medium induces resistance of breast cancer cells to lapatinib. BMC Pharmacol. To
xicol. 2020, 21, 1-12.

Pramanik, R.; Sheng, X.; Ichihara, B.; Heisterkamp, N.; Mittelman, S.D. Adipose tissue attracts and protects acute lymp
hoblastic leukemia cells from chemotherapy. Leuk. Res. 2013, 37, 503-509.

Sheng, X.; Parmentier, J.-H.; Tucci, J.; Pei, H.; Cortez-Toledo, O.; Dieli-Conwright, C.M.; Oberley, M.J.; Neely, M.; Orge
I, E.; Louie, S.G.; et al. Adipocytes Sequester and Metabolize the Chemotherapeutic Daunorubicin. Mol. Cancer Res. 2
017, 15, 1704-1713.

Rizzo, M.T.; Regazzi, E.; Garau, D.; Akard, L.; Dugan, M.; Boswell, H.S.; Rizzoli, V.; Carlo-Stella, C. Induction of apopto
sis by arachidonic acid in chronic myeloid leukemia cells. Cancer Res. 1999, 59, 5047-5053.

Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.; Le Gonidec,
S.; et al. Cancer-Associated Adipocytes Exhibit an Activated Phenotype and Contribute to Breast Cancer Invasion. Can
cer Res. 2011, 71, 2455-2465.

Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.; Carey, M.S.; Mil
Is, G.B.; Hotamisligil, G.S.; et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor gro
wth. Nat. Med. 2011, 17, 1498-1503.

Zoico, E.; Darra, E.; Rizzatti, V.; Tebon, M.; Franceschetti, G.; Mazzali, G.; Rossi, A.P.; Fantin, F.; Zamboni, M. Role of
adipose tissue in melanoma cancer microenvironment and progression. Int. J. Obes. 2017, 42, 344-352.

Cai, Z.; Liang, Y.; Xing, C.; Wang, H.; Hu, P.; Li, J.; Huang, H.; Wang, W.; Jiang, C. Cancer-associated adipocytes exhib
it distinct phenotypes and facilitate tumor progression in pancreatic cancer. Oncol. Rep. 2019, 42, 2537-2549.

Liu, H.; He, J.; Koh, S.P.; Zhong, Y.; Liu, Z.; Wang, Z.; Zhang, Y.; Li, Z.; Tam, B.T.; Lin, P.; et al. Reprogrammed marrow
adipocytes contribute to myeloma-induced bone disease. Sci. Transl. Med. 2019, 11, eaau9087.

Reagan, M.R.; Ghobrial, I.M. Multiple Myeloma Mesenchymal Stem Cells: Characterization, Origin, and Tumor-Promoti
ng Effects. Clin. Cancer Res. 2012, 18, 342—-349.

Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K.; Tai, Y.-T.; Reagan, M.; Azab, F.; Flores, L.M.; Campigotto, F.; Weller,
E.; et al. BM mesenchymal stromal cell-derived exosomes facilitate multiple myeloma progression. J. Clin. Investig. 20
13, 123, 1542-1555.

Marinac, C.R.; Birmann, B.M.; Lee, |.-M.; Rosner, B.A.; Townsend, M.K.; Giovannucci, E.; Rebbeck, T.R.; Buring, J.E.;
Colditz, G.A. Body mass index throughout adulthood, physical activity, and risk of multiple myeloma: A prospective anal
ysis in three large cohorts. Br. J. Cancer 2018, 118, 1013-1019.

Reagan, M. Causes of cancer. In Cancer: Prevention, Early Detection, Treatment and Recovery, 2nd ed.; Wiley: Hobok
en, NJ, USA, 2019; pp. 53-74.

Maura, F.; Bolli, N.; Angelopoulos, N.; Dawson, K.J.; Leongamornlert, D.; Martincorena, |.; Mitchell, T.J.; Fullam, A.; Go
nzalez, S.; Szalat, R.; et al. Genomic landscape and chronological reconstruction of driver events in multiple myelom
a. Nat. Commun. 2019, 10, 1-12.

Falank, C.; Fairfield, H.; Reagan, M. Signaling Interplay between Bone Marrow Adipose Tissue and Multiple Myeloma ¢
ells. Front. Endocrinol. 2016, 7, 67.

Liu, Z.; Liu, H.; He, J.; Lin, P.; Tong, Q.; Yang, J. Myeloma cells shift osteoblastogenesis to adipogenesis by inhibiting th
e ubiquitin ligase MURF1 in mesenchymal stem cells. Sci. Signal. 2020, 13, eaay8203.

Pang, J.; Shi, Q.; Liu, Z.; He, J.; Liu, H.; Lin, P.; Cui, J.; Yang, J. Resistin induces multidrug resistance in myeloma by in
hibiting cell death and upregulating ABC transporter expression. Haematologica 2017, 102, 1273-1280.

Maden, M.; Pamuk, G.E.; Pamuk, G.E. High apelin levels could be used as a diagnostic marker in multiple myeloma: A
comparative study. Cancer Biomarkers 2017, 17, 391-396.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Westhrin, M.; Moen, S.H.; Kristensen, |.B.; Buene, G.; Mylin, A.K.; Turesson, |.; Abildgaard, N.; Waage, A.; Standal, T.
Chemerin is elevated in multiple myeloma patients and is expressed by stromal cells and pre-adipocytes. Biomark. Re
s. 2018, 6, 21.

Harmer, D.; Falank, C.; Reagan, M. Interleukin-6 Interweaves the Bone Marrow Microenvironment, Bone Loss, and Mul
tiple Myeloma. Front. Endocrinol. 2019, 9, 788.

Masarwi, M.; DeSchiffart, A.; Ham, J.; Reagan, M. Multiple Myeloma and Fatty Acid Metabolism. JBMR Plus 2019, 3, e
10173.

Chen, J.; Garssen, J.; Redegeld, F.A. The efficacy of bortezomib in human multiple myeloma cells is enhanced by com
bination with omega-3 fatty acids DHA and EPA: Timing is essential. Clin. Nutr. 2020.

Moloudizargari, M.; Redegeld, F.; Asghari, M.H.; Mosaffa, N.; Mortaz, E. Long-chain polyunsaturated omega-3 fatty aci
ds reduce multiple myeloma exosome-mediated suppression of NK cell cytotoxicity. DARU J. Pharm. Sci. 2020, 28, 64
7-659.

Panaroni, C.; Fulzele, K.; Soucy, R.; Siu, K.T.; Mukaihara, K.; Huang, C.; Chattopadhyay, S.; Raje, N. Arachidonic Acid
Induces Ferroptosis-Mediated Cell-Death in Multiple Myeloma. Blood 2018, 132, 4498.

Zhang, M.; Di Martino, J.S.; Bowman, R.M.; Campbell, N.R.; Baksh, S.C.; Simon-Vermot, T.; Kim, |.S.; Haldeman, P.; M
ondal, C.; Yong-Gonzales, V.; et al. Adipocyte-Derived Lipids Mediate Melanoma Progression via FATP Proteins. Canc
er Discov. 2018, 8, 1006—-1025.

Murphy, C.S.; Fairfield, H.; Farrell, M.; DeMambiro, V.; Costa, S.; Falank, C.; Vary, C.; Reagan, M. Acyl-CoA Synthetase
Long Chain Family Inhibition with Triacsin C Inhibits Multiple Myeloma Cell Proliferation and Survival. Blood 2020, 136,
10-11.

Farrell, M.; Falank, C.; Campbell, H.F.; Costa, S.; Bowers, D.; Reagan, M. Targeting bone marrow adipose tissue and t
he FABP family increases efficacy of dexamethasone in MM. Clin. Lymphoma Myeloma Leuk. 2019, 19, e89—90.

Morris, E.V.; Suchacki, K.J.; Hocking, J.; Cartwright, R.; Sowman, A.; Gamez, B.; Lea, R.; Drake, M.T.; Cawthorn, W.P;
Edwards, C.M.; et al. Myeloma Cells Down-Regulate Adiponectin in Bone Marrow Adipocytes Via TNF-Alpha. J. Bone
Miner. Res. 2020, 35, 942-955.

Mehdi, S.J.; Johnson, S.K.; Epstein, J.; Zangari, M.; Qu, P.; Hoering, A.; Van Rhee, F.; Schinke, C.; Thanendrarajan, S.;
Barlogie, B.; et al. Mesenchymal stem cells gene signature in high-risk myeloma bone marrow linked to suppression of
distinct IGFBP2-expressing small adipocytes. Br. J. Haematol. 2019, 184, 578-593.

Reagan, M.; Fairfield, H.; Costa, S.; Falank, C.; Farrell, M.; Murphy, C.; D’Amico, A.; Driscoll, H. Multiple myeloma cells
alter adipogenesis, increase senescence-related and inflammatory gene transcript expression, and alter metabolism in
preadipocytes. Eur. J. Cancer 2020, 138, S28.

Reagan, M.; Mishima, Y.; Glavey, S.V.; Zhang, Y.; Manier, S.; Lu, Z.N.; Memarzadeh, M.; Zhang, Y.; Sacco, A.; Aljawali,
Y.; et al. Investigating osteogenic differentiation in multiple myeloma using a novel 3D bone marrow niche model. Bloo
d 2014, 124, 3250-3259.

Yang, S.; Lu, W.; Zhao, C.; Zhai, Y.; Wei, Y.; Liu, J.; Yu, Y.; Li, Z.; Shi, J. Leukemia cells remodel marrow adipocytes via
TRPV4-dependent lipolysis. Haematologica 2019, 105, 2572-2583.

Boyd, A.L.; Reid, J.C.; Salci, K.R.; Aslostovar, L.; Benoit, Y.D.; Shapovalova, Z.; Nakanishi, M.; Porras, D.P.; Almakadi,
M.; Campbell, C.J.V.; et al. Acute myeloid leukaemia disrupts endogenous myelo-erythropoiesis by compromising the a
dipocyte bone marrow niche. Nat. Cell Biol. 2017, 19, 1336-1347.

Herroon, M.K.; Diedrich, J.D.; Rajagurubandara, E.; Martin, C.; Maddipati, K.R.; Kim, S.; Heath, E.l.; Granneman, J.; P
odgorski, I. Prostate Tumor Cell-Derived IL13 Induces an Inflammatory Phenotype in Bone Marrow Adipocytes and Re
duces Sensitivity to Docetaxel via Lipolysis-Dependent Mechanisms. Mol. Cancer Res. 2019, 17, 2508-2521.

Pulido, C.; Vendrell, |.; Ferreira, A.R.; Casimiro, S.; Mansinho, A.; Alho, |.; Costa, L. Bone metastasis risk factors in brea
st cancer. Ecancermedicalscience 2017, 11, 715.

Scholz, C.; Andergassen, U.; Hepp, P.; Schindlbeck, C.; Friedl, T.W.P.; Harbeck, N.; Kiechle, M.; Sommer, H.; Hauner,
H.; Friese, K.; et al. Obesity as an independent risk factor for decreased survival in node-positive high-risk breast cance
r. Breast Cancer Res. Treat. 2015, 151, 569-576.

Templeton, Z.S.; Bachmann, M.H.; Alluri, R.V.; Maloney, W.J.; Contag, C.H.; King, B.L. Methods for Culturing Human F
emur Tissue Explants to Study Breast Cancer Cell Colonization of the Metastatic Niche. J. Vis. Exp. 2015, e52656.

Templeton, Z.S.; Lie, W.-R.; Wang, W.; Rosenberg-Hasson, Y.; Alluri, R.V.; Tamaresis, J.S.; Bachmann, M.H.; Lee, K.;
Maloney, W.J.; Contag, C.H.; et al. Breast Cancer Cell Colonization of the Human Bone Marrow Adipose Tissue Nich
e. Neoplasia 2015, 17, 849-861.



78.

79.

80.

81.

82.

83.

84.

85.

Herroon, M.K.; Diedrich, J.D.; Podgorski, I. New 3D-Culture Approaches to Study Interactions of Bone Marrow Adipocyt
es with Metastatic Prostate Cancer Cells. Front. Endocrinol. 2016, 7, 84.

Hardaway, A.L.; Herroon, M.K.; Rajagurubandara, E.; Podgorski, I. Marrow adipocyte-derived CXCL1 and CXCL2 contr
ibute to osteolysis in metastatic prostate cancer. Clin. Exp. Metastasis 2015, 32, 353-368.

Abramczyk, H.; Surmacki, J.; Kope¢, M.; Olejnik, A.K.; Lubecka-Pietruszewska, K.; Fabianowska-Majewska, K. The rol
e of lipid droplets and adipocytes in cancer. Raman imaging of cell cultures: MCF10A, MCF7, and MDA-MB-231 compa
red to adipocytes in cancerous human breast tissue. Analyst 2015, 140, 2224-2235.

Lu, W.; Weng, W.; Zhu, Q.; Zhai, Y.; Wan, Y,; Liu, H.; Yang, S.; Yuanmei, Z.; Wei, Y.; Shi, J. Small bone marrow adipocy
tes predict poor prognosis in acute myeloid leukemia. Haematol. 2017, 103, e21-e24.

Dawson, M.R.; Chae, S.-S.; Jain, R.K.; Duda, D.G. Direct evidence for lineage-dependent effects of bone marrow stro
mal cells on tumor progression. Am. J. Cancer Res. 2010, 1, 144-154.

Yan, F.; Shen, N.; Pang, J.X.; Zhao, N.; Zhang, Y.W.; Bode, A.M.; Al-Kali, A.; Litzow, M.R.; Li, B.; Liu, S. A vicious loop o
f fatty acid-binding protein 4 and DNA methyltransferase 1 promotes acute myeloid leukemia and acts as a therapeutic
target. Leukemia 2018, 32, 865-873.

Yan, F.; Shen, N.; Pang, J.X.; Zhang, Y.W.; Rao, E.V.; Bode, A.M.; Al-Kali, A.; Zhang, D.E.; Litzow, M.R.; Li, B.; et al. Fat
ty acid-binding protein FABP4 mechanistically links obesity with aggressive AML by enhancing aberrant DNA methylati
on in AML cells. Leukemia 2017, 31, 1434-1442.

Shafat, M.S.; Oellerich, T.; Mohr, S.; Robinson, S.D.; Edwards, D.R.; Marlein, C.R.; Piddock, R.E.; Fenech, M.; Zaitsev
a, L.; Abdul-Aziz, A.; et al. Leukemic blasts program bone marrow adipocytes to generate a protumoral microenvironme
nt. Blood 2017, 129, 1320-1332.

Retrieved from https://encyclopedia.pub/entry/history/show/17258



