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Multiple myeloma (MM) cells reside in the bone marrow microenvironment and form complicated in-
teractions with nonneoplastic, resident stromal cells. We previously found that aggressive MM cells shift
osteoblast progenitors toward adipogenesis. In addition, adipocytes are among the most common cell
types in the adult skeleton; both mature adipocytes and preadipocytes serve as endocrine cells that
secrete a number of soluble molecules into the microenvironment. Therefore, we used a combination of
in vivo and in vitro methods to test the hypothesis that an increase in adipocyte lineage cells feeds back
to promote MM progression. The results of this study revealed that bone marrow from patients with MM
indeed contains increased preadipocytes and significantly larger mature adipocytes than normal bone
marrow. We also found that preadipocytes and mature adipocytes secrete many molecules important for
supporting MM cells in the bone marrow and directly recruit MM cells through both monocyte
chemotactic protein-1 and stromal cell-derived factor-1a. Co-culture experiments found that pre-
adipocytes activate Wnt signaling and decrease cleaved caspase-3, whereas mature adipocytes activate
ERK signaling in MM cells. Furthermore, mature adipocyte conditioned medium promotes MM growth,
whereas co-culture with preadipocytes results in enhanced MM cell chemotaxis in vitro and increased
tumor growth in bone in vivo. Combined, these data reveal the importance of preadipocytes and mature
adipocytes on MM progression and represent a unique target in the bone marrow microenvironment.

(Am J Pathol 2016, 186: 3054—3063; http://dx.doi.org/10.1016/j.ajpath.2016.07.012)

Multiple myeloma (MM) is a malignancy of plasma cells
that localizes to the bone marrow (BM), where it depends on
the microenvironment for survival, growth, drug resistance,
and dissemination (metastasis).' " Although new therapies
that counteract the supportive effects of the microenviron-
ment, such as lenalidomide and bortezomib, have improved
patient survival in recent years, understanding how MM
cells interact with other cells in the BM is crucial for
designing more effective treatments.”® Numerous changes
occur in the BM microenvironment as a response to MM
cells, both at the primary tumor site and in distant sites.”*
The establishment of a premetastatic niche, in which
distant sites become hospitable to cancer cells before
metastasis occurs, is emerging as an important step in the
progression of many cancers, including MM.” These alter-
ations include enhanced angiogenesis, bone destruction, and
modulation of immune cells, although the exact mechanisms

driving these changes and the relative effect on MM path-
ogenesis remain unclear.'’

It is widely accepted that MM cells inhibit osteoblast
differentiation and function, resulting in an uncoupling of
bone formation and resorption.'' However, we previously
reported that MM cells not only inhibit osteoblastogenesis
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but also shift osteoblast progenitors toward adipogenesis.”
Importantly, these changes also occur in distant bone sites
before arrival of disseminating MM cells through soluble
molecules secreted by MM cells.” Because both pre-
adipocytes and mature, lipid-filled adipocytes are highly
secretory, releasing a number of cytokines and hormones
locally and systemically, we hypothesized that this
increased adipogenesis in BM promotes MM progression
and dissemination to new bone sites.'” In the present study,
we tested this hypothesis using in vivo and in vitro models
and determined mechanisms of adipocyte action in MM.

Materials and Methods

Cell Lines and Reagents

3T3-L1 mouse preadipocytes were maintained at 70% to
80% confluence in Dulbecco’s modified Eagle’s medium
(DMEM) (Corning, Corning, NY) supplemented with 10%
calf serum, 1% penicillin/streptomycin, and 1% L-glutamine
in a 37°C incubation chamber at 5% CO,. STGM1 or
5STGMI1-luc mouse MM cells were grown in RPMI 1640
medium (Corning) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 1% L-gluta-
mine in a 37°C incubation chamber at 5% CO,.

Mouse phosphorylated ERK, total ERK, unphosphory-
lated PB-catenin (active p-catenin), total P-catenin, and
cleaved caspase-3 antibodies were purchased from Cell
Signaling Technology (Danvers, MA; catalog numbers 4370,
4695, 8814, 9562, and 9664, respectively). Mouse B-actin
antibody was purchased from Sigma-Aldrich (St. Louis, MO;
catalog number A5316). Mouse monocyte chemotactic pro-
tein (MCP)-1, stromal cell-derived factor (SDF)-1a, goat IgG
isotype control, mouse IgG1 isotype control antibodies, and
recombinant human preadipocyte factor (Pref)-1 were pur-
chased from R&D Systems (Minneapolis, MN; catalog
numbers AF-479-NA, MAB310, AB-108-C, MAB002, and
1144-PR-025, respectively). Human Pref-1 antibody and
mouse osteopontin (OPN), MCP-1, and SDF-1a enzyme-
linked immunosorbent assay (ELISA) kits were purchased
from Abcam (Cambridge, MA; catalog numbers ab21682,
ab100734, ab100721, and ab100741, respectively). Mouse
IgG2bk ELISA kit was purchased from Bethyl Laboratories
Inc. (Montgomery, TX; catalog number E90-109).

Adipocyte Differentiation and Adipocyte/MM Cell
Co-Culture

3T3-L1 preadipocytes were seeded in 6-well plates at
4 x 10 cells/cm® in DMEM that contained 10% calf serum.
When cells reached confluence, medium was replaced and
cells were cultured for an additional 2 days. Cells were
induced toward mature adipocytes with a differentiation
medium that contained DMEM with 10% FBS, 1.5 pg/mL
of insulin, 1 pmol/L of dexamethasone, and 0.5 mmol/L
3-isobutyl-1-methylxanthine (day 0). Medium was replaced
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with DMEM that contained 10% FBS and 1.5 pg/mL of
insulin (day 2), followed by DMEM that contained 10%
FBS only for the remainder of differentiation (day 4). All
experiments with mature adipocytes began at day 10 on
which adipocytes were considered mature. These cells
contained large lipid vacuoles and accounted for >95% of
the cell population.

For cell co-culture, inserts containing 0.45-pm pores (BD
Biosciences, Bedford, MD) were placed in 6-well plates that
contained subconfluent 3T3-L1 preadipocytes, mature adi-
pocytes, or media only in the bottom well. Then 6 x 10°
5STGM1 MM cells were added to each insert and incubated
at 37°C and 5% CO, for 3 days. Co-cultured MM cells were
then collected for use in experiments. This co-culture sys-
tem did not allow cell-cell contact; adipocytes and MM cells
communicated through soluble factors only.

Western Blot Analysis

Equal amounts of protein (100 pg) were subjected to 4% to
12% gradient SDS-PAGE (BioRad, Hercules, CA) and
transferred to a nitrocellulose membrane (Schleicher and
Schuell, Dassel, Germany). Transferred proteins were pro-
bed with appropriate antibodies and visualized using an
enhanced chemiluminescence system (GE Health Care,
Little Chalfont, UK). Densitometric analysis was performed
using ImageJ version 1.49u (NIH, Bethesda, MD; htip://
imagej.nih.gov/ij).

5TGM1 Cell I.V. Injection Animal Model

C57BL/KaLwRij mice for iv. injection of syngeneic
5TGM1-luc mouse MM cells were purchased from Harlan
Laboratories, Inc. Many aspects of human MM are faith-
fully replicated in this mouse model of MM."* "> 5TGM1
cells constitutively expressing luciferase and co-cultured as
described were injected into 6-week-old, male, C57BL/
KaLwRij mice via lateral tail veins. Serum was collected
biweekly, and the levels of IgG2bk (a soluble marker of
5TGM1 cells) were measured by ELISA. Weekly biolumi-
nescent imaging also noninvasively tracked the extent of
bone-homing and tumor growth in vivo.'® All animal studies
were performed in accordance with NIH guidelines and
approved by the University of Alabama at Birmingham
(UAB) Institutional Animal Care and Use Committee.

Generation of CM

3T3-L1 preadipocytes were seeded in 6-well plates and
cultured until approximately 70% confluent. Old medium
was aspirated, cells were washed twice with phosphate-
buffered saline (PBS), and DMEM supplemented with 10%
FBS was added. Conditioned medium (CM) was collected
after 48 hours, centrifuged to remove cellular debris, filtered
through a 0.22-um syringe filter, and stored at —80°C until
further use. For mature adipocyte CM, on day 10 of
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differentiation, cells were washed twice with PBS, and
media was replaced with DMEM supplemented with 10%
FBS. CM was collected after 48 hours, centrifuged, filtered,
and stored at —80°C until further use.

Migration Assays

5TGM1 cells co-cultured with preadiopcytes or mature ad-
ipocytes as described were collected and washed once with
PBS, and 2 x 10° cells in 0.5 mL of serum-free medium
were added to 8-pm pore size Transwell inserts (Corning) in
triplicate. Cells were allowed to migrate toward complete
medium in the bottom chamber at 37°C and 5% CO,.
Migrated cells in the bottom chambers were enumerated
after 24 hours using a Z1 Dual Threshold Coulter Counter
(Beckman Coulter, Brea, CA).17

In a separate set of experiments, STGM1 cells cultured
alone were collected and washed twice with PBS, and
2 x 10° cells in 0.5 mL serum-free medium were added to
8-um pore inserts. Cells were allowed to migrate toward
fresh DMEM with 10% FBS, preadipocyte CM, or mature
adipocyte CM in the bottom chambers in triplicate.
Migrated cells were enumerated after 24 hours using a Z1
Dual Threshold Coulter Counter. For cytokine inhibition
studies, anti—SDF-1a, anti—MCP-1 neutralizing antibodies,
or appropriate isotype controls were added to fresh medium
or adipocyte CM and incubated at 37°C for 30 minutes
before use. Recombinant human Pref-1 was added directly
to fresh medium before migration assays.

ELISA

Serum levels of mouse IgG2bk were measured by ELISA in
duplicate according to the manufacturer’s instructions.'®
OPN, MCP-1, and SDF-1a levels in CM of preadipocytes
and mature adipocytes were measured using mouse OPN,
MCP-1, and SDF-1a ELISA kits. All assays were per-
formed according to the manufacturer’s protocols with each
sample measured in duplicate.

Cytokine and Chemokine Array

A customized cytokine and chemokine array (RayBiotech,
Norcross, GA), which uses a chemiluminescent sandwich
ELISA format and probes for 29 cytokines, chemokines,
and growth factors commonly related to bone-homing and
growth of tumor cells, was used according to the manu-
facturer’s recommendations. Film scans were analyzed by
densitometry using Gilles Carpentier’s protein array
analyzer macro for ImageJ.

Immunohistochemistry and Adipocyte Quantification

All biopsy procedures and immunohistochemistry protocols
were approved by the UAB Institutional Review Board.
Paraffin-embedded BM core biopsy specimens from 14
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age- and weight-matched normal BM donors and 35 un-
treated patients with MM, obtained from the Department of
Pathology at UAB, were stained with hematoxylin and eosin
(H&E) or with anti-human Pref-1 antibodies.'® Balloon-like
mature adipocytes (H&E staining) and preadipocytes, which
were Pref-1 positive and had fibroblastic morphologic
characteristics, were enumerated using Image] in five
representative views per slide. Adipocyte area in H&E
stained slides was calculated using ImageJ and the method
described previously.'”

Statistical Analysis

Statistical comparisons between two experimental groups
were analyzed by #-test. For comparisons among multiple
groups, analysis of variance followed by a post hoc Bonfer-
roni correction was used. Data were considered significantly
different when P < 0.05 and are reported as such.

Results

Patients with MM Have Enhanced Bone Marrow
Adipogenesis

To determine the clinical relevance of our previous findings,
we evaluated the BM of 14 healthy BM donors and 35
untreated patients with MM. Paraffin-embedded BM biopsy
specimens were stained with H&E and for Pref-1, a well-
described marker for preadipocytes.'®” Balloon-like
mature adipocytes and Pref-1—positive preadipocytes were
enumerated. The results revealed significantly greater Pref-
1—positive cells in the BM of patients with MM compared
with healthy BM, indicating an increase in the preadipocyte
population in MM patients (Figure 1, A and B). Importantly,
we did not observe Pref-1 staining of malignant plasma cells
in the BM. The absolute number of mature adipocytes was
higher in MM patients, but the finding did not reach sta-
tistical significance. However, a significant increase in
adipocyte size was observed in the BM of patients with MM
compared with healthy BM (Figure 1, C and D). In addition,
large adipocytes represented a greater percentage of the total
adipocyte area in MM patients compared with healthy BM
(Figure 1E). Together, these data indicate that the adipocytic
population is altered in the BM of MM patients.

Adipocyte Lineage Cell—Derived Soluble Molecules
Directly Attract MM Cells

We have previously found that MM cells can redirect
osteoblast progenitors toward adipogenesis in distant bone
sites.” Adipocytes and precursor cells secrete soluble mol-
ecules into the local microenvironment and bloodstream that
serve to attract other cells, such as macrophages.”’ There-
fore, we first determined whether preadipocytes and/or
mature adipocyte-derived soluble molecules can directly
attract MM cells. Transwell migration assays were
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Figure 1

Adipocyte lineage cells are altered in the bone marrow (BM) of patients with multiple myeloma (MM) compared with normal BM. A: BM biopsy

specimens from healthy individuals and MM patients were stained for the preadipocyte marker preadipocyte factor (Pref-1). Cells positive for Pref-1 (arrows) were
more abundant in MM patients compared with healthy BM specimens. Representative images are shown. B: Enumeration of Pref-1—positive cells from five random
fields of view per section. C: Hematoxylin and eosin (H&E)—stained BM biopsies from healthy BM donors and MM patients. Very large adipocytes were more
frequently observed in MM patients (arrows). D: Mature adipocyte area quantified from five random fields of view per section. Adipocytes in MM bone marrow were
significantly larger than normal bone marrow. E: Distribution of mature adipocyte size as percentage of total adipocyte area. A higher percentage of larger
adipocytes presented in MM bone marrow than in normal bone marrow. Data are expressed as means + SEM (B and D). ***P < 0.001, ****P < 0.0001.

performed and revealed that both preadipocyte and mature
adipocyte CM stimulated chemotaxis of mouse 5STGMI1
(Figure 2A) and human CAG (Figure 2B) MM cells
significantly more than fresh medium alone. Interestingly,
MM cells consistently had more chemoattraction toward
preadipocyte CM than to mature adipocyte CM; however,
this finding did not always reach statistical significance.
These data confirm that preadipocytes and mature adipo-
cytes directly attract MM cells through soluble molecules.

Identification of Soluble Molecules Secreted by
Adipocyte Lineage Cells Responsible for Stimulating
MM Cell Migration

To determine soluble molecules responsible for chemo-
attraction of MM cells to preadipocyte and mature adipocyte
CM, we performed a cytokine array, consisting of 29 cyto-
kines, chemokines, or growth factors important for MM bone
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dissemination and growth, on preadipocyte and mature
adipocyte CM. We found that both preadipocytes and mature
adipocytes secrete a number of pro-MM molecules
(Figure 3A). Interestingly however, CM from preadipocytes
contained higher concentrations of many of these factors.
Notably, hepatocyte growth factor, MCP-1, OPN, vascular
endothelial growth factor, and SDF-1a, all supporters of MM
progression, were secreted at relatively high levels (Figure 3,
A and B).>> % Selected molecules (SDF-1o, MCP-1, and
OPN) were tested quantitatively by ELISA, confirming the
existence of these molecules in the CM of both preadipocytes
and mature adipocytes and increased abundance in pre-
adipocyte CM compared with mature adipocyte CM
(Figure 3C). These data reveal that both preadipocytes and
mature adipocytes secrete molecules that are known to
support MM progression through multiple pathways.

We also wanted to determine preadipocyte- and mature
adipocyte—derived molecules contributing to attraction of
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Figure 2  Adipocyte lineage cells secrete soluble molecules that attract

multiple myeloma (MM) cells. A: Numbers of migrated mouse 5TGM1 MM cells.
Preadipocyte (pAd) conditioned medium (CM), mature adipocyte (mAd) CM,
or fresh medium (FM) were added in the bottom of each well as chemo-
attractants and 5TGM1 cells seeded in the inserts. The number of 5TGM1 cells
migrated into the bottom of each well was counted after 24 hours. MM cells
migrated significantly more toward both preadipocyte and mature adipocyte
CM than to fresh medium, and preadipocyte CM consistently had the greatest
chemoattraction. B: Similar results were observed using human CAG MM cells.
Each sample was analyzed in triplicate and each assay was performed 3 times.
Data are expressed as means + SEM. *P < 0.05, ****P < 0.0001.

MM cells. MCP-1 and particularly SDF-1o are important
chemoattractants for MM cell homing to the BM.>>~°
Because we found that both molecules are secreted by pre-
adipocytes and mature adipocytes, we repeated MM cell
migration assays (Figure 2) with preadipocyte or mature
adipocyte CM pretreated with MCP-1 or SDF-1a neutral-
izing antibodies or the respective isotype control. MM cell

3058

chemotaxis was significantly decreased toward both pre-
adipocyte and mature adipocyte CM that contained MCP-1
(12 pg/mL) (Figure 3D) or SDF-la (25 pg/mL) neutral-
izing antibodies (Figure 3E). Because Pref-1 can be cleaved
from the cell surface and released into the microenvironment
and because Pref-1 is expressed by preadipocytes, we per-
formed migration assays using recombinant Pref-1 as the
chemoattractant.”’ Interestingly, a dose-dependent increase
in chemotaxis of STGM1 MM cells was seen toward Pref-1
(Figure 3F). Combined, these results indicate that adipocyte
lineage cells independently attract MM cells through MCP-1,
SDF-1a, and likely Pref-1.

Preadipocytes and Mature Adipocytes Promote MM Cell
Aggressiveness via Different Signaling Pathways and
Mechanisms

The effect of cross talk between MM cells and preadipocytes
or mature adipocytes was investigated using a Boyden
chamber co-culture system. MM cells, separated by a
membrane that contained 0.45-um pores, were cultured with
medium only, preadipocytes, or mature adipocytes in the
bottom chamber for 3 days. We initially wanted to determine
whether adipocyte lineage cells activate specific signaling
pathways in MM cells; therefore, Western blot analysis for
signaling pathway activity was performed on MM cells after
3 days of co-culture. Interestingly, preadipocytes and mature
adipocytes activated different pathways in MM cells. Of the
pathways tested, MM cells educated by preadipocytes
consistently revealed active (unphosphorylated) B-catenin
(Wnt signaling) and decreased cleaved caspase-3 levels,
whereas MM cells educated by mature adipocytes had an
activation of ERK signaling (Figure 4, A and B). Both Wnt
and ERK signaling are reported to support MM progression,
and decreased cleaved caspase-3 suggests an inhibition of
apoptosis. MM cell migration assays after co-culture were
also performed to determine any functional changes in MM
cells.'"'® After 24 hours, MM cells previously cultured with
preadipocytes migrated significantly more than those
cultured alone or with mature adipocytes. However, co-
culture with mature adipocytes did not alter the motility of
MM cells (Figure 4C). On the other hand, cell counting
revealed that MM cells cultured in the presence of mature
adipocyte CM grew at an increased rate compared with those
grown in preadipocyte CM or fresh medium (Figure 4D).
Together, these data suggest tht pre-adipocytes and mature
adipocytes both support MM progression through indepen-
dent but complementary mechanisms.

Preadipocytes Promote MM Dissemination and Growth
in Vivo

Because MM cells had alterations in behavior and signaling
after co-culture with preadipocytes or mature adipocytes, we
decided to test whether this had sustained effects in vivo.
5TGM1-luc MM cells were cultured with preadipocytes,

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Adipocytes Promote Myeloma Progression

A B .
; . 0.12
Preadipocyte Mature adipocyte 2 o 212
= 7] ‘@
.e E W . .o R = c 1
.. . . .e g £ 008 208 mpAd
y 5 : 4 e g.gj 206 omAd
ol IR B r: 4 . . .. % ! % 0.4
¢ [l Bl | | sl .5 F € 002 €02
0 0
W HGF B MCP-1 O VEGF @ OPN & SDF-1a M Positive control & (K PN K oV o® N (R A AT L A
(SN S RS AN RN\ © & O K Y
& VIS & A TP o
‘0
<Q
C OPN SDF-1a MCP-1
E 1000 g 300 E
B 800 B E) N
= ~ ~ | ]
5 600 5 5 P
5 E s OmAd
= 400 = 2
8 8 3
S 200 S S
o o o
0
D misotype control - OMCP-1 neutralizing antibody E B |sotype control OSDF-1a neutralizing antibody F
90,000 - o 70,000 - ok ok
é’ Fkkk g dedkde - Jekk
g 75000 — g 60,0001 © 120,000
s g 60,000 = 2 50,000 3
OE OE ] 90,000
53 45000 5 2 40,000 S5
8 3 8 30,000 © £ 60,000
%= 30,000 = )
o £ 20,0004 -8
2 15000 g 2L 30,000
= :000 10,000 - S
(2]
0 A 0 4 s 0
FM mAdCM  pAdCM FM mAdCM  pAdCM 0 0.5 1 3
Recombinant Pref-1 concentration

(ug/mL)

Figure 3  Adipocytes secrete soluble molecules known to promote multiple myeloma (MM) progression and directly attract MM cells through monocyte
chemotactic protein (MCP)-1 and stromal cell-derived factor (SDF)-1c. A: Cytokine array of conditioned medium (CM) collected from 3T3-L1 preadipocytes
(pAds) or mature adipocytes (mAds). Molecules of particular importance are highlighted. B: Quantification of pAds versus mAds. C: Enzyme-linked immu-
nosorbent assays for osteopontin (OPN), MCP-1, and SDF-1a in pAd and mAd CM confirmed cytokine array results. Each assay was analyzed in duplicate. D:
Neutralizing antibodies against MCP-1 or appropriate isotype control were added to CM from preadipocytes, mature adipocytes, or fresh media (FM).
Neutralizing MCP-1 resulted in significantly reduced migration of mouse 5TGM1 MM cells toward both pAd and mAd CM compared with isotype control. E:
Similar results were observed when adding a SDF-1a neutralizing antibodies. F: Recombinant human preadipocyte factor (Pref-1) dose dependently acted as a
chemoattractant for MM cells. Each sample was analyzed in triplicate, and each assay was performed at least 2 times. Data are expressed as means + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. GM-CSF, granulocyte-macrophage colony-stimulating factor; HGF, hepatocyte growth factor; IGF-
1, insulin-like growth factor-1; M-CSF, macrophage colony-stimulating factor; MIP-2, macrophage inflammatory protein-2; MMP, matrix metalloproteinase;

TGF-B, transforming growth factor-B; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.

mature adipocytes, or fresh medium alone for 3 days as
described. C57Bl/KaLwRij mice (n = 7 per group) were
then injected with 1.5 x 10° MM cells in 150 pL of PBS via
tail vein. Tumor burden was tracked by bioluminescent
imaging and serum concentrations of mouse IgG2bk
(secreted by STGMI1 cells and correlates well with whole-
body tumor burden).”” MM cells cultured with pre-
adipocytes could be detected in bone by bioluminescent
imaging as early as 2 weeks, whereas mice injected with
MM cells cultured alone had no detectable tumors at this
point. This trend continued at 4 weeks (Figure 5A). By 6
weeks mice in both groups had detectable tumors via
bioluminescent imaging, but tumors in the preadipocyte
co-culture group were significantly larger (Figure 5A).
IgG2bk levels in mouse serum confirmed the imaging data:
mice injected with MM cells co-cultured with preadipocytes
had significantly higher tumor burden than those injected
with MM cells cultured alone (Figure 5B). Interestingly, no
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difference was observed in tumor burden in mice injected
with MM cells precultured alone or precultured with mature
adipocytes, indicated by IgG2bk concentrations in mouse
serum (Figure 5C). These data indicate that preadipocytes
induce lasting changes in MM cells that support metastasis
and growth.

Discussion

MM cells in the BM form complex relationships with
neighboring and distant cells, resulting in an environment
that allows MM to thrive.'’ Osteoblasts and adipocytes are
two dominant cell types in the BM and are both derived
from mesenchymal stem cells.”® In bone, these two path-
ways appear to be inversely related, illustrated by the loss of
bone and increase of fat in BM during aging or osteopo-
rosis.””*” Many studies have found that osteoblasts are
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each assay was performed three times. Data are
expressed as means + SEM. *P < 0.05,
**P < 0.01, and ****P < 0.0001. p-ERK, phos-
phorylated ERK.
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inhibited in MM, and our group has further found that MM
cells induce an osteoblastogenesis to adipogenesis switch in
osteoblast progenitor cells locally and systemically via
secreting soluble factors, such as Dickkopf-related protein 1
(DKKl).g’] 1,31

We initially examined biopsy specimens from MM pa-
tients and weight- and age-matched healthy individuals to
identify changes in adipocyte lineage cells. Interestingly, we
found a significant increase in the number of preadipocytes,
which express the preadipocyte marker Pref-1, in the BM of
MM patients compared with healthy BM. By examining the
mature adipocytes, we found a trend toward increased
numbers of mature adipocytes, but these cells were signifi-
cantly larger in MM BM compared with healthy BM.
Adipocyte size is positively correlated with inflammatory
molecule secretion and lipolysis in adipocytes; therefore,
larger adipocytes in MM patient BM may provide both an
inflammatory environment and lipids as a fuel source for
growing tumor cells.”>** The lack of statistical significance
when comparing mature adipocyte number is likely attrib-
utable to the limited number of samples evaluated, and as
more samples are available we will continue to assess this
parameter. These findings support the notion that adipo-
genesis is enhanced in the BM of MM patients.

Adipocytes, including preadipocytes and mature adipo-
cytes, reportedly secrete cytokines and chemokines that
attract inflammatory cells into local tissues, including the
BM.?** We hypothesized that enhanced adipocyte lineage
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cells in new bone sites would contribute to MM dissemi-
nation through similar mechanisms. Indeed, we found that
both preadipocyte and mature adipocyte secreted factors
could attract MM cells, particularly through MCP-1 and
SDF-1a. In addition, we found that both mature adipocytes
and preadipocytes secrete many other molecules known for
MM growth and bone homing, such as hepatocyte growth
factor, IL-6, and vascular endothelial growth factor.>>™ %
Interestingly, however, the preadipocytes secreted much
higher amounts of almost all molecules tested, excluding
vascular endothelial growth factor. It is known that chemo-
kines secreted by BM cells enable MM cell homing to the
bone, and adipocytes are a major constituent in the adult
skeleton.””*° The number of adipocyte lineage cells in the
bone may therefore strongly contribute to the chemokine
gradient for MM homing. Moreover, we found that recom-
binant Pref-1 could attract MM cells in a dose-dependent
manner. Pref-1 is a membrane protein specifically
expressed on preadipocytes that can be cleaved to a soluble
form.”” This may represent a novel mechanism by which
preadipocytes attract MM cells to bone. Studies to further
characterize the role of soluble Pref-1 in MM are ongoing.

Because we previously found that MM cells induce adi-
pogenesis through secreted factors, we used a coculture
system in which cells could only communicate with soluble
molecules to investigate the soluble effects of adipocyte
lineage cells on MM cells.® We found that after being
cultured with preadipocytes, MM cells migrate more than
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those cultured with mature adipocytes or cultured alone. On cancer cells, including MM.*"3 In vivo experiments
the other hand, MM cells cultured in mature adipocyte CM revealed that prior culture with preadipocytes results in
proliferated more compared with preadipocyte CM or fresh detectable tumors in bone earlier and greater tumor burden
medium, possibly attributable to adipocyte-derived fatty overall compared with control. Because MM cells have a
acids or lactate in the medium, likely energy sources for decrease in cleaved caspase-3 and an increase in migration
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Figure 6 Preadipocytes and mature adipocytes pro-
mote multiple myeloma (MM) progression. At the primary
bone site, preadipocytes and mature adipocytes likely
secrete pro-MM soluble molecules. Constant presence of
mature adipocyte—derived molecules enhances MM cell
growth, whereas preadipocytes educate MM cells for
increased metastasis in new bone sites. In a secondary
bone site, enhanced preadipocytes and mature adipocytes
secrete chemoattractants, such as monocyte chemotactic
protein (MCP)-1, stromal cell-derived factor (SDF)-1e., and
preadipocyte factor (Pref)-1, to promote MM homing and
subsequent growth. OPN, osteopontin; VEGF, vascular
endothelial growth factor.
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ability in vitro after culture with preadipocytes, it is possible
that early tumor detection and enhanced tumor burden
in vivo is a combined result of enhanced MM infiltration
into the bone and survival in these sites. Surprisingly, co-
culture with mature adipocytes did not enhance the ability
of MM cell bone homing and growth in vivo, although
mature adipocyte CM promoted MM cell migration and
proliferation in vitro. These data indicate that preadipocytes
and mature adipocytes influence MM cells through different
mechanisms and that MM cells may need continual educa-
tion from mature adipocytes to become more aggressive.

Indeed, the cross talk between MM cells and pre-
adipocytes or mature adipocytes activates different signaling
pathways in MM cells. Western blot analyses revealed that
B-catenin signaling is consistently activated in MM cells
when cultured with preadipocytes, but ERK signaling is
activated in MM cells co-cultured with mature adipocytes.
Interestingly, in our hands, this appeared to be mutually
exclusive. Wnt/B-catenin signaling promotes cancer im-
mune evasion, migration, and survival, possibly mediated
by up-regulation of downstream survivin as we have shown
previously.'®*°~*? The ERK pathway is activated by mul-
tiple molecules in the BM microenvironment and promotes
MM cell proliferation.”** Preadipocytes also decreased
levels of cleaved caspase-3 in MM cells, suggesting that
they activate an anti-apoptotic/survival response in MM
cells.* At this point, we are unsure of the specific soluble
mediators that define these different signaling profiles;
however, future experiments are aimed at this question.

In conclusion, our data reveal that both preadipocytes and
mature adipocytes have independent but complementary
roles in supporting MM progression and dissemination. On
the basis of our data, preadipocytes, and particularly mature
adipocytes, could enable MM growth in primary bone sites,
whereas preadipocytes induce lasting effects that enhance
metastatic potential of MM cells through various soluble
molecules (Figure 6). At the same time, these cells in distant
bone sites likely secrete chemokines that attract MM cells
and support MM cell growth on arrival. Considering the
anti-MM effects of osteoblasts on MM cells, it is interesting
to speculate that as the BM becomes increasingly adipo-
genic, whether during the disease or because of other con-
ditions, such as obesity, it also becomes more favorable to
MM cells.***" We previously found that MM cells shift
osteoprogenitors toward adipogenesis by secreting DKKI1,
resulting in decreased Runt-related transcription factor 2 and
increased  peroxisome  proliferator-activated  receptor
gamma.®**® Therefore, inhibiting DKKI may provide
benefit in reversing these effects and reducing adipocytic
support of MM cells. The BM is also home to a variety of
other stromal cell populations, and BM mesenchymal stro-
mal cells have been found to contribute to MM progression.
Our data indicate that the adipocyte lineage is another
important component of this MM-supporting milieu. Future
studies will be aimed at uncovering the mediators of
preadipocyte-induced metastasis, contact-mediated cross
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talk of adipocytes and MM cells, and the fundamental dif-
ferences in the effects of the osteoblast lineage versus
adipocyte lineage and other stromal cells on MM cells.
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