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Over the past twenty years, evidence has accumulated that biochemically and spatially defined networks of ex-
tracellular matrix, cellular components, and interactions dictate cellular differentiation, proliferation, and func-
tion in a variety of tissue and diseases. Modeling in vivo systems in vitro has been undeniably necessary, but
when simplified 2D conditions rather than 3D in vitro models are used, the reliability and usefulness of the
data derived from these models decreases. Thus, there is a pressing need to develop and validate reliable in
vitromodels to reproduce specific tissue-like structures andmimic functions and responses of cells in a more re-
alistic manner for both drug screening/disease modeling and tissue regeneration applications. In adipose biology
and cancer research, thesemodels serve as physiologically relevant 3Dplatforms to bridge the divide between2D
cultures and in vivomodels, bringing aboutmore reliable and translationally useful data to accelerate benchtop to
bedside research. Currently, no model has been developed for bone marrow adipose tissue (BMAT), a novel ad-
ipose depot that has previously been overlooked as “filler tissue” but has more recently been recognized as en-
docrine-signaling and systemically relevant. Herein we describe the development of the first 3D, BMAT model
derived from either human or mouse bone marrow (BM) mesenchymal stromal cells (MSCs). We found that
BMAT models can be stably cultured for at least 3 months in vitro, and that myeloma cells (5TGM1, OPM2 and
MM1S cells) can be cultured on these for at least 2 weeks. Upon tumor cell co-culture, delipidation occurred in
BMAT adipocytes, suggesting a bidirectional relationship between these two important cell types in the malig-
nant BM niche. Overall, our studies suggest that 3D BMAT represents a “healthier,” more realistic tissue model
that may be useful for elucidating the effects of MAT on tumor cells, and tumor cells on MAT, to identify novel
therapeutic targets. In addition, proteomic characterization as well as microarray data (expression of N22,000
genes) coupled with KEGG pathway analysis and gene set expression analysis (GSEA) supported our develop-
ment of less-inflammatory 3D BMAT compared to 2D culture. In sum, we developed the first 3D, tissue-
engineered bone marrow adipose tissue model, which is a versatile, novel model that can be used to study
numerous diseases and biological processes involved with the bone marrow.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Bone marrow adipose tissue (BMAT) is a dynamic, endocrine adi-
pose depot composed of bonemarrow adipocytes (BMAs) aswell as un-
differentiated stromal cells, that has important roles in signaling with
local bone marrow (BM) cells as well as distant cells. BMAT is respon-
sive tomany stimuli, including cold, PPARγ agonists (e.g., rosiglitazone)
[1], and diet [2,3]. In obesity, both BMAT and white adipose tissue
sclose.
ine and Center for Translational
(WAT) increase, while in other conditions, such as starvation/anorexia,
these adipose depots respond oppositely: WAT decreases while BMAT
increases, perhaps as an evolutionarily-selected adaptation to store en-
ergy reserves, or due to an inability to support hematopoiesis in the BM
during starvation [4]. Thus, it is clear that BMAT is a unique adipose
depot. In osteoporosis, obesity, and normal aging, BMAT volume in-
creases [5]. Elevated BMAT leads to disrupted hematopoiesis, altered
immune function, reduced bone mineral density, and uncoupling of
the bone remodeling unit [6,7]. As we have shown, BMAT also increases
in diet-induced obesity [2,8] and BMAT volume correlates with in-
creased fracture risk in individuals with type 2 diabetes, anorexia
nervosa, and other diseases [4,9–11]. Elevated BMAT may contribute
to metabolic disorders or chronic systemic inflammation, or support
tumor growth, and hence it is imperative to fully understand key factors
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governing BM adipogenesis and adipocyte signaling [12–14]. Due to the
great difficulty in uniquely studying the BMAT depot in vivo, accurately
elucidating the roles of BMAT in healthy and diseased states requires
controllable, tissue-engineered models of BMAT that allow for direct
cell-cell contact and monitoring.

Understanding BMAT's role in cancer progression has great potential
for the development of the next generation of anti-cancer therapies. Our
lab hypothesizes that BMATplays a role in bone-homing, osteolytic can-
cers such as multiple myeloma (MM) [15,16]. Adipocytes have been
newly appreciated as amajor constituent of the BM that can critically af-
fect metastatic progression and drug resistance in prostate cancer and
breast cancer, and potentially myeloma [6,17–22]. Interestingly, in
acute myeloid leukemia (AML) clinical samples, a higher frequency of
“small” BM adipocytes correlates with disease occurrence and drug re-
sistance, suggesting that BM adipocyte shrinkage may accelerate
tumor growth, chemoresistance, and relapse [23]. Elucidating how BM
adipocytes influence tumor cell growth, behavior, and survival, and
how tumor cells in turn affect BMAs, requires utilization of in vitro cell
systems that mimic the physical and physiological microenvironment
with highfidelity. Herein,we present novel three-dimensional (3D) cul-
ture approaches to study BMAs and model adipocyte–tumor cell inter-
actions in vitro. We adapted our methods for constructing tissue
engineered (TE)-WAT from human liposuction aspirates [24], and TE
myeloma-bone models [25] to create the first in vitro BMAT 3D model,
which we used to interrogate effects of myeloma on adipocytes.

2. Materials and methods

2.1. Silk scaffold preparation and cell seeding

Porous, aqueous 6.5% (wt/wt) silk fibroin scaffolds with pores of
500–600 μm were made following silk processing steps previously de-
scribed [25,26], and cut into cylinders (5mmby 3mmheight). Scaffolds
were autoclaved and soaked in media containing 10% FBS and 1% PSF 1
day prior to seeding. Cells were seeded onto scaffolds at a density of ~1
× 106 cells per scaffold in ~20 μL ofmedia; after 2 h, mediawas added to
the wells to cover scaffolds. Cells were then expanded on scaffolds and
switched to differentiation media when cells appeared evenly spread
throughout the scaffold (~1–10 days after seeding scaffolds). For 2D cul-
ture comparisons, the same cells were seeded into wells and grown to
similar confluency as observed in 3D culture before adipogenic differen-
tiation media was added. All media and timing of media changes for 2D
and 3D parallel cultures were identical, and staining and imaging was
done with the same fixation procedure and staining solution.

2.2. Human bone marrow cell isolation, expansion and adipogenic
differentiation

Primary human mesenchymal stromal cells (MSCs) were isolated
from cancellous bone marrow from the acetabulum received from de-
identified donors after total hip arthroplasty from men and women
through the Maine Medical Center (MMC) Biobank. MMC IRB approval
and informed consent was obtained for all human samples in accor-
dance with the Declaration of Helsinki. MSCs were isolated by surface
adherence as previously described [27]. Briefly, for each donor, ~3 mL
of fresh, sterile BMwas placed into a T-187.5flaskwith hMSC expansion
media consisting of Dulbecco's Modified Eagle's Medium (DMEM,
Corning Inc.) supplemented with 10% FBS (Atlanta Biologicals, Flowery
Branch, GA), 2 mM L-glutamine (Thermo Fisher Scientific, Waltham,
MA), and 1× Antibiotic-Antimycotic (100 U/mL penicillin, 100 μg/mL
streptomycin, 0.25 μg/mL fungizone) (Thermo Fisher Scientific). Media
was added to BM cultures and hMSCs grown until 50% confluency was
observed, and then floating cells were aspirated and hMSCs were ex-
panded for use at passage 2–4. hMSC adipogenic media consisted of
the basal hMSC media with 500 μM IBMX (VWR, Radnor, PA), 50 μM
indomethacin (VWR), 1 μM dexamethasone (MilliporeSigma, Billerica,
MA) and 1 μM insulin (VWR).

2.3. Mouse bone marrow cell isolation, expansion and adipogenic
differentiation

To obtain whole mouse (C3H, KaLwRij or C57BL/6J) BM, tibia and
femora dissected from mice were cut at both ends and placed into the
tip of a 200 μL pipette that was then placed in a microcentrifuge tube
and centrifuged at 200g for 2 min.Whole BMwas then either seeded di-
rectly on scaffolds, or cultured in mouse MSC (mMSC) basal media
(DMEM, 10% FBS and 1× Antibiotic-Antimycotic (100 U/mL penicillin,
100 μg/mL streptomycin, 0.25 μg/mL fungizone)) on tissue culture plas-
tic to isolatemMSCs, whichwere expanded to passage 2–4 before being
used. mMSCs were differentiated into adipocytes at two days post-con-
fluence; adipogenic differentiation was inducedwith a 4-day treatment
with inductionmedia (basalmedia supplementedwith 500 μMIBMX, 1
μM rosiglitazone (Cayman Chemical, Ann Arbor, MI), 1 μM dexametha-
sone, and 10 μg/mL insulin). This media was replaced with basal media
supplemented with 10 μg/mL insulin and 1 μM rosiglitazone at day 4
and thenmaintained in basal media supplemented with 10 μg/mL insu-
lin at day 7 and thereafter.

2.4. Multiple myeloma cell line culture

Multiple myeloma (MM) cell lines GFP+/Luc+MM1S, GFP+/Luc+5-
TGM1, and mCherry+/Luc+OPM2 were provided by Dr. Irene Ghobrial
(Dana-Farber Cancer Institute) and Dr. David Roodman (Indiana Uni-
versity) and cultured as previously described [28]. Media for MM cell
expansion and co-culture with BMAT consisted of RPMI-1640 basal me-
dium (VWR) containing L-glutamine media, 10% FBS, 1× Antibiotic-
Antimycotic, and 1 μM insulin; diluted co-culture media was co-culture
media diluted 1:1 with phosphate buffered saline (PBS, VWR). For my-
eloma cultures on BMAT or MSCs, mouse MSCs were seeded to silk and
cultured until confluent and then switched to adipogenic media for 10
days or left in growthmedia. Then scaffolds were all switched to co-cul-
ture media and seeded with 0.5 × 106 myeloma cells (or no cells) and
imaged over time.

2.5. Confocal microscopy imaging

For non-fixed, non-stained, non-invasive imaging, all samples were
kept in media at 37 °C during imaging with a confocal microscope
using the following settings: 10× objective, 2 frame averages, 405 nm
(diode), 488 nm (argon) and 633 nm (HeNe) lasers, with emission de-
tected with PMT1 (blue LUT, 417–458 nm), PMT2 (green LUT 510–
572 nm) and HyD 3 (red LUT, 643–705 nm). For live-dead staining
and imaging, samples were stained for 30 min at room temperature
(RT) with 2 μM calcein AM (Thermo Fisher Scientific) and 4 μM
ethidium homodimer-1 (Thermo Fisher Scientific), rinsed with PBS
and imaged with confocal microscopy using the following settings:
10× or 20× objective, 405 nm (diode), 488 nm (argon) and 633 nm
(HeNe) lasers, with emission detected with PMT1 (blue, ~460–480
nm) for autofluorescence of silk, PMT2 (green, ~510–550 nm) for live
cells, and HyD3 (red, ~660–700 nm) for dead cells and ethidium homo-
dimer bound to silk. For fixed adipocyte imaging, cells in 2D or 3D scaf-
fold culture were fixed in 10% neutral buffered formalin (VWR) for 30
min at RT and then rinsed with PBS containing 0.2% Triton-X100
twice. Cells were then stained for 1 h with a working solution of PBS
with 0.2% Triton-X100 (Thermo Fisher Scientific) containing 0.5 mg/
mL Oil Red O (Amresco, Solon, OH), 20 units/mL Alexa Fluor 488
phalloidin (Thermo Fisher Scientific), and 100 ng/mL DAPI (Thermo
Fisher Scientific) as we have previously described [24]. Cells were
then rinsed twice with PBS and imaged on a confocal microscope
using the following settings: 10× or 20× objective, excited with 405
nm (diode), 488 nm (argon) and 633 nm (HeNe) lasers, with emission
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detected with PMT1 (blue, ~410–460 nm), PMT2 (green,~500–590 nm)
and HyD 3 (red, ~646–700 nm). All confocal imagingwas performed on
scaffolds in 1.5 mm glass-bottomed dishes (MatTek Corporation,
Ashland, MA) on a Leica SP5X laser scanning confocal microscope
(Leica Microsystems, Buffalo Grove, IL) with Leica LAS acquisition soft-
ware. Leica Application Suite Advanced Fluorescence (LAS AF) Lite soft-
ware or Leica LAS acquisition software was used to make maximum
projections of Z-stacks. Adipocyte diameter quantification was done
using the length tool of the Leica Lite software. Diameters from all adi-
pocytes in a field of view (FOV) were quantified using n ≥ 3 FOVs per
scaffold with n = 3 mice, analyzed with one-way ANOVA with
Dunnett's multiple comparison testing (each compared to mBMAT
alone control).

2.6. Total mRNA isolation, quantification and sample preparation and qual-
ity control for microarray

Whole BM from 16-week old littermate C57BL/6J mice (2 females
and 3 males) was seeded onto 8 scaffolds/mouse (3D culture) or into
one 24-well plate/mouse (2D culture) and cultured inmMSC expansion
media. At day 12, adipogenic differentiationwas induced. After 4 weeks,
mRNA was isolated from whole 3D and 2D cultures for all 5 mice, and
these 10 samples were used as biological replicates for microarray anal-
ysis. mRNA was isolated using QIAzol and miRNeasy isolation mini-kit
with on-columnDNase I digestion (Qiagen,Hilden, Germany) according
to the manufacturer's protocol. Ribolock (Thermo Fisher Scientific) was
added to inhibit RNA degradation for a final concentration of 1 U/μL.
mRNA was quantified and tested for quality and contamination using
a Nanodrop (Thermo Fisher Scientific) and subjected to quality control
minimum standards of 260/230 N 2 and 260/280 N 1.8 prior to microar-
ray library preparation.

2.7. Microarray

100 ng of total RNA was used to synthesize cDNA through a First-
Strand reverse transcription reaction and Second-Strand RNA degrada-
tion reaction, using reagents from the GeneChip®WT PLUS Reagent Kit.
cRNA was then synthesized through an overnight (16-hour) in vitro
transcription reaction, which utilizes a T7 RNA polymerase. The cRNA
was purified using anAffymetrix®magnetic beadprotocol. Sample con-
centrations were determined using a 40 μg/mL/A260 constant on a
Nanodrop1000 spectrophotometer. Approximately 15 μg of cRNA was
then used to synthesize sense, single-strand cDNA using reagents from
the GeneChip® WT PLUS Reagent Kit (any remaining cRNA template
was hydrolyzed with RNase H). Single-stranded cDNA was purified
using an Affymetrix® magnetic bead protocol. Sample concentrations
were determined using a 33 μg/mL/A260 constant on a Nanodrop1000
spectrophotometer.

Approximately 5.5 μg of single-stranded cDNA was fragmented
using UDG (10 U/μL) and APE1 (1000 U/μL), and labeled with biotin
using TdT (30 U/μL) (GeneChip® WT PLUS Reagent Kit). Efficiency of
the fragmentation and labeling reactions were verified using
NeutrAvidin (10 mg/mL)with a gel-shift assay. Sampleswere combined
with a hybridization mix, injected into Mouse Clariom S arrays, and
placed in the Affymetrix® GeneChip® Hybridization Oven 645 at 45 °C
and 60 rpm for 16.5 h. Arrays were stained using the Affymetrix®
GeneChip® Fluidics Station 450 and scanned with the 7G Affymetrix®
GeneChip® Scanner 3000.

2.7.1. Microarray data analysis
Raw data in the form of ten Affymetrix CEL files were imported into

the Gene Expression Workflow in Partek Genomics Suite version
6.16.0701 (Partek, St Louis, MO). Background correction, quantile nor-
malization, log2 transformation, and probeset summarization to tran-
script clusters/genes were performed using default settings for the
Robust Multichip Average (RMA). Principal component analysis (PCA)
was implemented using a covariance dispersion matrix as part of the
data quality control. Differential expression between 3D and 2D culture
was predicted at the gene-level (probe sets summarized into transcript
clusters/genes). Two-way analysis of variance (ANOVA) was used to
compare the gene expression data with respect to matrix type and sub-
ject ID (paired design, n= 5), with linear contrast 3D minus 2D. Multi-
ple comparison correction was performed using Benjamini-Hochberg
false discovery rate (FDR). Differentially expressed genes were defined
based on an absolute fold change N2.0 in combination with an adjusted
p-valuewith FDR b 0.05. Input for hierarchical clusteringwas RMA-nor-
malized expression data standardized to a mean of zero and a standard
deviation of one for the subset of DE genes with an absolute fold change
N1.5 and FDR b 0.01.

In addition to differential expression at the individual gene level, we
examined differential expression of functional groups or “disrupted”
pathways using Pathway-ANOVA and GO-ANOVA as implemented in
Partek. Both Pathway- and GO-ANOVA were performed on the normal-
ized data directlywithout anyfilteringusing theMethod ofMoments al-
gorithm. Parameters for the Pathway- and GO-ANOVA analyses were
configured such that only pathways with more than two and fewer
than 500 genes are considered and only GO-terms with more than
two and fewer than 100 genes were considered. Both raw intensity
data (.CEL files) and RMA-normalized expression values are available
in the National Center for Biotechnology Information Gene Expression
Omnibus (NCBI GEO) Series accession no. GSE108374 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108374).

2.7.2. Gene set enrichment analysis (GSEA)
Microarray data were also analyzed by GSEA (gene set enrichment

analysis) using the Java implementation available from the Broad Insti-
tute (http://software.broadinstitute.org/gsea/index.jsp). RMA-normal-
ized expression values from Clariom S Mouse array probesets were
used as input andwere converted to gene symbols for the GSEA. Several
Molecular SignaturesDatabase (MSigDB) Collectionswere used to iden-
tify gene sets significantly enriched in 3D vs 2D cultures, including H
(Hallmark), C2 (curated gene sets) and C5 (Gene Ontology, GO, gene
sets) (http://software.broadinstitute.org/gsea/msigdb/collections.jsp).
Gene set size filters (min = 15, max = 500) were applied and
‘Signal2Noise’ was used for the gene ranking metric. Only those gene
sets with a false discover rate (FDR) b25%were considered significantly
enriched.

2.8. Mass spectrometry and proteomics

For mass spectrometry in the MMCRI Proteomics and Lipidomics
Core Facility, 3D and 2D BMAT samples were derived from mMSCs
from male C57BL/6J mice aged 5–7 months and differentiated for 1
month in adipogenic media. These whole samples were also compared
to aged-matched primary ex vivo brown (interscapular) adipose tissue
and white (gonadal) adipose tissue. For protein isolation for MS/MS
analysis, whole fresh samples were lysed on ice by grinding with a
micro-tube pestle in the presence of RIPA supplemented with prote-
ase/phosphatase inhibitor cocktail (cat# 5872S Cell Signaling Technolo-
gies, Danvers, MA), followed by sonication for 10s at 30% duty cycle.
Lysateswere centrifuged at 14,000g for 10min to pellet insoluble debris
and the supernatants were transferred to new tubes. Proteinswere pre-
cipitated using 4-volumes of ice-cold acetone and incubated at −20 °C
overnight. The following day, samples were centrifuged at 10,000g for
15 min to pellet the precipitated protein. The remaining acetone solu-
tion was poured off and the pellets were re-suspended in ice-cold 70%
acetone to wash, and centrifuged at 5000g for 5 min to pellet. Acetone
solution was poured off and the pellets dried for ~30 min at room
temp with the caps open. To resuspend proteins, RIPA containing 1%
SDS with protease/phosphatase inhibitor was added to each pellet,
and triturated up and down repeatedly to break apart. The pellets
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were vortexted to re-solubilize protein, sonicated on ice for 10s at 30%
duty cycle, and submitted for trypsin-based peptide fragmentation.

Tryptic digests were performed using the ProteoExtract digestion kit
(Calbiochem,Darmstadt, Germany). Tryptic peptideswere separated on
a Ultimate RSLC system 3000 (ThermoFisher/Dionex) nanoscale liquid
chromatograph and infused onto a 5600 TripleTOF mass spectrometer
(Sciex, Framingham, MA). Sequential Window Acquisition of all Theo-
retical Spectra (SWATH)was used to profile all proteins using a data-in-
dependent acquisition method [29]. A human-specific ion library
comprising 4091 proteins was constructed using ProteinPilot software
(Sciex). For identification of peptides, multiple fragment ion chromato-
gramswere retrieved from the spectral library for each peptide of inter-
est. These spectra were compared with the extracted fragment ion
traces for the corresponding isolationwindow to identify the transitions
that best identify the target peptide. SWATH analysis was performed
using Sciex PeakView software, and Sciex MarkerView software was
utilized for principal component analysis and t-test comparisons. FC
N 2 or b0.5, p b 0.05 identified proteins significantly different between
2D and 3D samples.
2.9. Statistical analysis

All data are expressed as mean ± standard deviation (SD), unless
otherwise noted. Student's t-test, ordinary one-way or two-way
ANOVA tests were used to determine significance, using p b 0.05 as
the cut-off, with Tukey's multiple comparison post-hoc testing unless
otherwise noted. ****p b 0.0001; ***p b 0.001; **p b 0.01; *p b 0.05.
Prism 6.02 software was used to compute all statistical calculations un-
less otherwise noted.
Fig. 1. Development and characterization of 3D mouse bone marrow adipose tissue derived fro
onto silk scaffolds and confocal imaged at day 3, 7, 14, 21, and 26. Scaffold is autofluorescent
green with calcein AM stain and dead cells are red with ethidium homodimer-1. A) Day 3 of
cells have an elongated, mesenchymal morphology rather than rounded, and they are loca
imaging. More fibroblastic-like and fewer round cells were observed. Yellow/orange spheres i
red), phalloidin (actin, green), and DAPI (nuclei, blue). Scaffold is autofluorescent (maroon).
D) Day 21 culture, day 11 adipogenesis. E, F) Day 26 culture, day 16 adipogenesis. Scale bar =
indicate stromal cells; asterisks indicate adipocytes.
3. Results

3.1. Silk scaffolds support mouse and human tissue engineered BMAT

In preliminary studies, we performed a variety of cultures with dif-
ferent types of adipocytes in 3D silk scaffolds to validate their support
of adipocyte culture, such as our primarymouse osteocyte 2 day co-cul-
ture with differentiated 3T3-L1 mouse adipocytes. We also co-cultured
human lipoaspirateWAT, previously described [24], withMM1Smyelo-
ma cells and observed that the myeloma cells as well as lipoaspirate
cells were viable for 2 weeks (data not shown). Building on our optimi-
zation of culturing and staining procedures, we next developed our 3D
tissue engineered (TE)-BMAT mouse models. Using whole mouse BM
seeded directly onto silk scaffolds, we observed that the scaffolds sup-
ported adherent stromal marrow cell viability, uniform distribution,
proliferation and adipogenic differentiation (Fig. 1). Initially, BM cells
displayed a spherical phenotype, andmanywere non- orweakly-adher-
ent (Fig. 1A). By day 7, cells began to flatten, elongate, take-on a fibro-
blastic phenotype, and stretch across the scaffold pores (Fig. 1B). On
day 10, cells were switched to adipogenicmedia and at day 14 of culture
(day 4 adipogenic differentiation), more fibroblastic-like and fewer
round cells were observed, and yellow/orange autofluorescent spheres
from lipidswere visible (Fig. 1C). At day 11 of adipogenesis,multilocular
and unilocular adipocytes had developed (Fig. 1D) and at day 16 of ad-
ipogenesis, most adipocytes appeared to be unilocular (Fig. 1E, F). This
work validated that our BM collection, scaffold-seeding, and culture
process successfully isolated a heterogeneous population of cells, in-
cluding stem cells that retained their capacity to undergo adipogenic
differentiation. A second model was also generated where mouse BM
stroma was isolated, passaged in vitro in 2D, and then seeded onto silk
m whole bone marrow using confocal microscopy. A) C3H mouse whole BM was seeded
in every channel and appears purple/pink. A–C) Live dead imaging shows live cells are
culture: most cells are alive (green) with a round morphology. B) Day 7 of culture: live
ted along the scaffold. C) Day 14 culture (day 4 adipogenic differentiation) live-dead
ndicate autofluorescence from lipids. D–F). Fixed scaffolds stained with Oil Red O (lipids,
Both adipocytes and undifferentiated stromal cells are observed throughout the scaffold.
100 μm. White arrows indicate scaffold; blue arrows indicate dead cells; yellow arrows
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scaffolds and differentiated in adipogenic media; resulting BMAT
models could not be differentiated from BMAT models created by
seeding fresh,whole BMdirectly to scaffolds. Interestingly, we observed
that, even without fixation and staining with Oil Red O, lipid droplets
could be identified based on autofluorescence, observed in the red
channel (660–700 nm) (Fig. 1C). Future research will investigate and
further explore this phenomenon.Wealso demonstrated long-termsta-
bility of mouse BMAT (mBMAT) models using confocal imaging of 3D
BMAT after 3 months of adipogenic differentiation using BM from 2 dif-
ferent mouse strains (Supp Fig. 1).

We next developed a human tissue-engineered 3D BMAT model.
Human MSCs were isolated from BM aspirates, expanded in vitro in
2D, seeded onto scaffolds, and imaged at days 1 and 9 using non-de-
structive, live-dead imaging and days 10 and 28 using Oil Red O, DAPI
and phalloidin staining of fixed scaffolds (Fig. 2). MSCs proliferated
throughout the scaffold and few red (dead) cells were visible, as most
of these detach and float away from the scaffold (Fig. 2A, B). By day
10, lipid accumulation was observable in many cells and, as with
mouse samples, many stromal cells did not differentiate into adipocytes
(Fig. 2C). Interestingly, we observed a species dependence of BMAT
locularity: while mouse BMAT was unilocular at day 26, human BMAT
(hBMAT) consisted of multilocular adipocytes even at day 28 (Fig.
2D). Our model thus captures the heterogeneity of BM stromal cells,
which include stem cells/BM adipocyte progenitors as well as stromal
cells unable to undergo adipogenesis.
Fig. 2.Development and characterization of 3D humanbonemarrowadipose tissue derived from
cells are red with ethidium homodimer-1, (A) Day 1 and (B) Day 9 (day 8 of adipogenesis) (B
(actin, green), and DAPI (nuclei, blue). Scaffold is autofluorescent (red or maroon). Both adipo
(day 9 of adipogenesis). D) Day 28 (day 27 of adipogenesis). Scale bar = 200 μm. Represen
arrows indicate dead cells; yellow arrows indicate stromal cells; asterisks indicate adipocytes.
3.2. Silk scaffolds support C57BL/6J 3D-BMAT and demonstrate significant
differences versus 2D in gene expression via microarray

We then characterized differences between2Dand 3DmBMAT sam-
ples on the genetic level. BM from5 C57BL/6Jmale and femalemicewas
isolated and seeded into 3D or 2D culture and cultured as described in
Fig. 1. We validated successful BM isolation, scaffold seeding, expansion
of BMSCs on scaffolds, and differentiation into adipocytes in adipogenic
media using confocal live/dead and Oil Red O/DAPI/phalloidin imaging
(Supp Fig. 2). After 28 days of adipogenesis, total RNA from matched
3D and 2D samples was harvested and analyzed usingmicroarray anal-
ysis. PCA multivariate analysis of all 22,206 genes in the microarray
found a strong distinction between 2D and 3D samples (Fig. 3A). 81
genes passed a two-way ANOVA with a strict FDR 0.01/fold change N 2
filter; these are plotted as a heat map (Fig. 3B). To better interpret
gene expression changes, Pathway-and GO-ANOVA analyses were per-
formed to identify KEGG pathways and GO categories that are signifi-
cantly different. Out of 275 KEGG pathways, 60 were upregulated
(Supp Table 1) and 69 were downregulated (Supp Table 2) in 3D and
3Dwith p b 0.0001 using Pathway-ANOVA. In 3D culture, normal meta-
bolic, ribosome, protein, and proliferation pathways were upregulated,
such as DNA replication, ribosome, cell cycle, and biosynthesis and me-
tabolism pathways. In contrast, many inflammatory, disease-related,
and cytokine-associated pathways were upregulated in 2D cultures,
such as NOD-like receptor signaling pathway, malaria, prion disease,
hMSCs. A–B) Live dead imaging shows live cells are greenwith calcein AMstain and dead
) after hMSC seeding. C–D) Fixed scaffolds stained with Oil Red O (lipids, red), phalloidin
cytes and undifferentiated stromal cells are observed throughout the scaffold. C) Day 10
tative images from n = 4 different hMSC donors. White arrows indicate scaffold; blue



Fig. 3. Microarray gene expression analysis of 2D versus 3D mouse BMAT. A) Principal component analysis (PCA), a multivariate, unbiased analysis, demonstrates distinct grouping of
samples from 2D (red) and 3D (blue) mBMAT. PC1 correlated with culture conditions (3D vs 2D) demonstrating the significant impact of 3D culture. B) Microarray heat map showing
hierarchical clustering of the 81 genes that passed the FDR b 0.01 and fold changeN2 filter. The heat map color scale is reflective of the standardized normalized expression data input,
which was standardized to a mean of zero and a standard deviation of one. Red indicates overexpression and green indicates underexpression.
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TNF signaling, and other infection and disease pathways. Fifteen
MSigDB Hallmark gene sets were also found to be significantly enriched
in 3D versus2D cultures (Table 1). Similarly, of the 14,677GO categories,
178 were significantly upregulated (Supp Table 3) and 146 were signif-
icantly downregulated (Supp Table 4) in 3D vs 2D culture (p b 0.0001,
FC N 1.5). The topmost upregulated GO terms had to do with cell prolif-
eration, differentiation, growth factor response, extracellular matrix se-
cretion, and pattern specification/polarity. The top downregulated GO
terms were centered on disease pathways (Toll-like receptor and
COX/COX2 pathways) and lipoprotein related pathways. Overall, Path-
way- and GO-ANOVA indicated that 3D culture supported less inflam-
matory adipocyte phenotype compared to the same cells in 2D culture.

3.3. Proteomics analysis of 2D BMAT, 3D BMAT and primary adipose tissue

Interestingly, we also saw significant differences between 3D and 2D
mBMAT samples through large-scale proteomic analyses. Analysis of 4
male mouse BMAT samples grown in 2D or 3D was performed using
mass spectrometry and PCA analysis (Fig. 4, purple and green dots). A
clear distinction between 2D and 3D BMAT was evident and 136 pro-
teins were significantly different between these groups: 92 proteins
were up-regulated and 44 proteins were down-regulated in 3D vs 2D
culture (Supp Table 5).We also compared BMAT samples to freshly iso-
lated brown andwhite adipose tissue fromage and sex-matched C57BL/
6J mice, using SWATH analysis and PCA (Fig. 4, blue and red dots) and
observed clear sample clustering by PCA. The protein compositions of
the two primary, uncultured adipose depots were more similar to
each other than to 2D or 3D BMAT, and BMAT protein composition
was unique and located betweenWAT and BAT samples along the prin-
cipal component 2 axis. Due to the challenges in obtaining pure, fresh
BMAT, the comparison between mouse BMAT and 3D BMAT cultures
could not be performed, but future directions will interrogate ways to
isolate pure BM adipocytes for this purpose.

3.4. 3D hBMAT supports myeloma and displays delipidation response to
myeloma

We then attempted to create a human BMAT-myeloma co-culture
model, building on our previousmodel of 3DWAT [30] and our findings
that BMAT may affect myeloma cells [21], to explore complex adipose-
myeloma interactions [31]. We created 3D hBMAT-myeloma co-cul-
tures and observed that 3D hBMAT successfully supported MM1S
growth for 3 weeks (Fig. 5). Undifferentiated stromal cells within the
3D hBMAT appeared to be reduced by MM1S cells, similar to previous
findings from our lab and others showing apoptosis and senescence in-
duced in myeloma-associated BM mesenchymal stroma (yellow
Table 1
Gene set enrichment analysis summary of all significant pathways.

Hallmark pathway name-
upregulated in 3D

Enrichment
score

Normalized
enrichment score

FDR q-val

mTORC1 Signaling 0.4157092 1.5615747 0.19567661
Glycolysis 0.5289566 1.5271125 0.16126063
MYC Gene Targets (v1) 0.53750265 1.5176365 0.11344414
Unfolded Protein Response 0.4240947 1.4877199 0.110531986
Hypoxia 0.53257245 1.4775536 0.09381858
Oxidative Phosphorylation 0.30532646 1.4505394 0.10814332
Adipogenesis 0.4223209 1.4470688 0.09784364
DNA Repair 0.29531318 1.4233307 0.11807318
G2M Checkpoint 0.66986865 1.4173219 0.11180904
Mitotic Spindle 0.49542296 1.3993406 0.1314721
MYC Gene Targets (v2) 0.42623973 1.3975677 0.12237608
E2F Transcription Factor Targets 0.69179046 1.3961971 0.11492941
Wnt/Beta-Catenin Signaling 0.40139306 1.3566543 0.15412405
Ultraviolet (UV) radiation
response (down-regulated)

0.36637568 1.3167368 0.19206767

Spermatogenesis 0.4566163 1.2831532 0.22546245

Note: No significant pathways were identified in the 2D samples using GSEA.
arrows, Fig. 5) [32,33]. BM adipocytes co-cultured with myeloma cells
appeared less healthy than in the tumor-free, healthy controls as indi-
cated by the presence of extracellular lipids (red droplets outside of
cells) and decreased actin visualized around adipocytes at all times
(Fig. 5). After 3 weeks, few MM1S cells were present on the scaffold
alone, but many were observed in hBMAT scaffolds (white arrows, Fig.
5), and very few stromal cells remained in the co-cultures. To quantify
changes in BMAT in response to myeloma cells, we next developed a
mouse BMAT-myeloma model, which increased the reproducibility
and controllability of our findings and removed confounding effects of
human donor MSC differences.

3.5. 3DmBMAT supports myeloma and displays delipidation in response to
myeloma

We then tested our capacity to culture myeloma cells on 3D mouse
BMAT (mBMAT) and assessed the response of mBMAT to myeloma
cells to better understand the myeloma-BMAT relationship. As with
hBMAT, adipocytes and undifferentiated stromal cells were observed
throughout the 3D mBMAT, but in co-culture, there appeared to be
fewer BM stromal cells and, surprisingly, reduced adipocyte lipid con-
tent in mBMAT samples after 1 week co-culture with myeloma cells
(Fig. 6A, B). These findings persisted after 2 weeks of co-culture (data
not shown). MSCs also appeared to be decreased in the 3D model
when co-culturedwithmyeloma cells (Fig. 6A), demonstrating destruc-
tion of theBMniche characteristic ofmyeloma [25,34].While fewGFP+/
Luc+5TGM1 cells adhered to scaffolds alone, many were evident on 3D
BMAT and on MSC cultures after 1 week in culture (data not shown).

To quantify the myeloma-induced delipidation, 3DmBMAT samples
were cultured with GFP+/Luc+MM1S or GFP+/Luc+5TGM1 cells for 2
weeks in regular or diluted media (to stimulate a stressed state), and
stained with Oil Red O, Alexa Fluor 568 phalloidin, and DAPI. Samples
were then confocal imaged using Z-stack, maximum projection images.
Adipocyte diameter was significantly reduced in BMAT when cultured
with both cell types in either media, indicating that myeloma cells re-
duce BMA lipid content (Fig. 6B). mBMAT was also able to support
OPM2 myeloma cells for 2 weeks in vitro, although the reduction in
lipids in BMAs was not as evident with these myeloma cells (data not
shown). The mechanisms by which delipidation and changes in BMAT
occur remain to be interrogated and may include dedifferentiation,
transdifferentiation, lipid release, lipid utilization, senescence,
lipophagy, or cell death. Importantly, the consequences of these changes
in adipocytes onmyeloma cells may be profound andmay contribute to
BMAT-induced drug resistance we have recently reported [21].

We also validated that C57BL6J/KaLwRij mouse BMSCs could be dif-
ferentiated into adipocytes on scaffolds and support GFP+/Luc+5TGM1
tumor cell culture (Fig. 6C). Interestingly, some, but not all, GFP+/
Luc+5TGM1 cells were found to contain lipid droplets after 1 week in
co-culture with mBMAT, which has not been observed by us or ever re-
ported in GFP+/Luc+5TGM1 cells alone, suggesting the potential for
lipid transfer from adipocytes to tumor cells in parallel with destruction
of BMAs. Lipid accumulation within OPM2 cells was also observed after
1 week in co-culture with C57BL/6J-derivedmBMAT, and this appeared
especially prominent in tumor cells closely associated with adipocytes
compared to OPM2 cells more distant from adipocytes (data not
shown).

4. Discussion

Our work has contributed to the field of tissue engineering through
development of a tissue engineered bonemarrowadiposemodel. Tissue
engineered organs have become increasingly utilized in in vitro disease
modeling to better recapitulate the in vivo environment in which cells
grow. In numerous organs, scaffolds, andmodel systems, increasing ev-
idence demonstrates that scaffold stiffness, geometry, chemistry and
spatial dimensionality, as well as the composition of neighboring cells



Fig. 4. Proteomic analysis of 3D vs 2D BMAT.Mass spectrometry and proteomic analysiswas performed on 2D and 3DmBMAT. Normalized Principal Component (PC) Analysis (PCA) (PC 1
vs PC 2, and PC 1 vs PC 3) of 2D and3DBMAT samples versus primary adipose depots (GWAT, gonadalwhite adipose tissue, and BAT, brown adipose tissue) demonstrates distinct grouping
based on adipose origin and also a distinction between 3D and 2DBMAT. N ≥ 3 scaffolds orwellswere combined together per biological replicate andn= 4biological replicates (individual
mice) were used. N= 5 technical repeats per sample were used. D1 represents PC 1, D2 represents PC 2, and D3 represents PC 3.
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and biochemical signaling factors, regulate cellular migration, differen-
tiation, and behavior, leading to differences in tissue formation and
function [35]. Cell proliferation, metabolism, gene expression, protein
synthesis, and drug metabolism/resistance are substantially altered,
and are typically much more physiologically accurate, in 3D scaffolds
Fig. 5. Human BMAT co-culture supports MM1S myeloma cells. Maximum projections of conf
switched to adipogenic media for 37 days. Then scaffolds were switched to a co-culture med
weeks (C). Fixed scaffolds were stained with Oil Red O (lipids, red), phalloidin (actin, gree
undifferentiated stromal cells are observed throughout the BMAT and negatively impacted b
indicate stromal cells; asterisks indicate adipocytes.
compared to 2D cultures [25,36–42]. We have similarly found that 3D
models are better models of healthy BMAT, suggesting that these
modelswill accelerate the translation of preclinical researchbymore ac-
curately predicting disease course, responsive subpopulations, or treat-
ment responses.
ocal imaging of co-cultures. hBMAT was seeded to silk, cultured until confluent and then
ia and seeded with GFP+/Luc+MM1S cells and imaged at 1 week (A), 2 weeks (B) or 3
n), and DAPI (nuclei, blue). Scaffold is autofluorescent (maroon). Both adipocytes and
y myeloma cells. Scale bar = 100 μm. White arrows indicate tumor cells; yellow arrows



Fig. 6. mBMAT and mMSC co-cultures support 5TGM1 and MM1S myeloma cells. Maximum projections of confocal imaging of scaffolds fixed and stained with Oil Red O (lipids, red),
phalloidin (actin, green), and DAPI (nuclei, blue). Scaffold is autofluorescent maroon/blue. A) mMSCs and mBMAT (derived from C57BL/6J mMSCs expanded in vitro and seeded to
scaffolds) after 1 week culture or co-cultures with GFP+/Luc+5TGM1. Lipid content and stroma cell count appeared decreased in BMAT when co-cultured with myeloma cells. B)
Quantification of BMAT adipocyte diameter after 2 week culture with GFP+/Luc+5TGM1 or GFP+/Luc+MM1S in co-culture or diluted media. Data represented as mean± SEM, n= 9
(n = 3 mice per group, n = 3 scaffolds per mouse). C) C57BL6/KaLwRij-derived MSC differentiation into 3D BMAT after 11 days of adipogenesis and cultured alone (top) or co-
cultured with GFP+/Luc+5TGM1 cells (bottom) for 1 week. Interestingly, some myeloma cells contained small lipid droplets (yellow arrows), but most did not (white arrow).
Representative images from n= 2 mice with n= 6 scaffolds per mouse for monoculture and co-culture. White scale bar= 200 μm; yellow scale bar = 50 μm.
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Specifically for adipose tissue, 3D models are invaluable. Studies of
adipose tissue biology are conducted primarily in monolayer, cell sus-
pension or ceiling cultures [43–47]. However, 3D, adherent cultures
have proven necessary for accurate modeling [48], as these other sys-
tems often do not translate well to human adipocyte function [49]
(e.g., cells often secrete subphysiologic levels of adipokines or display
a fibroblast-like rather than round, unilocular phenotype
[44,47,48,50–52]). Biocompatible, porous silk scaffolds allow for
nutrient transport, cell adhesion, require no chemical crosslinking, and
have already proven useful for WAT modeling [53–55]. Our 3D BMAT
model utilized durable silk scaffolds, which provided mechanical ro-
bustness and an accurate spatiotemporalmicroarchitecture to accurate-
ly model the BM adipose depot. 3D, tissue engineered BMAT supported
long-term culture and adipogenic differentiation of MSCs and better re-
capitulated healthy, normal conditions than 2D cultures. Moreover, as
investigating the BMAT depot in vivo is incredibly challenging, since it



86 H. Fairfield et al. / Bone 118 (2019) 77–88
is physically difficult to access and biochemically very complex to spe-
cifically target, scientists will greatly benefit from our in vitro BMAT
models for physiology or pathophysiology research.

Additionally, our 3DBMATmodel enabled longitudinal investigation
of myeloma cultures in BMAT in physiologically-relevant conditions. 3D
modeling for tumors is critical for accurately studying tumor biology;
the substrate modulus of a tissue surrounding a tumor dramatically af-
fects cell behavior, gene expression, phenotype and invasion potential
[56,57]. Other groups have described 3D hydrogel cultures of BMAs
and prostate cancer cells [58], but ours is this is the first scaffold-based
3D BMAT or BMAT-tumor co-culture model. Our model can be used to
study mechanical and chemical signals over multiple length and time
scales that direct how tumor cells integrate into the local BM niche,
evolve, become drug resistant, and induce osteolysis [59]. Thesemodels
have the potential to support drug screening, accelerate personalized
medicine through patient-specific models, and identify novel bio-
markers or therapeutic treatments to improve clinical outcomes.

Although our model can be used to co-culture BMAT with any other
cell type, wewanted to investigatemyeloma cells due to themany asso-
ciations, but lack of a well understood relationship, between these cells.
BMAT is elevated with aging and obesity, and these states also correlate
with increased myeloma risk [16,19,60–62]. BM transplant, a common
treatment for MM, requires BM irradiation which induces massive
BMAT expansion that could play a large role in the reemergence of
drug-resistant clones. Moreover, other labs have found that BM adipo-
cytes can support on myeloma cells and that BMAT-derived bioactive
lipids and adipokines (e.g., leptin) may promote metastasis [63–65].
Correlations betweenBMAT andmyeloma thus support greater scientif-
ic inquiry into the cross-talk between these cells.

We were intrigued to see decreased lipids within BMAT cultured
with myeloma cells. Acute myeloid leukemia (AML) patients have
more small BM adipocytes compared to normal controls, and small
BMAs predict poor prognosis [23]. Middle- and large-size adipocytes
were fewer in number in AML samples, although that change was not
significant. The authors also verified that adipocyte size change was
not caused by a lack of space due to excessive invasion of leukemia
cells [23]. They hypothesized that resultant changes in free fatty acids
and AML-secreted GDF15, a TGFβ family member, may facilitate chang-
es in BMA-tumor cell communication. Small adipocytes may also have
higher metabolic activity, but this remains to be explored.We hypothe-
size that despite a potential dependency on BMAs, myeloma cells may
decrease the BMA lipid content to fuel their own growth in a temporal-
ly-regulated manner; the specifics of how this occurs remain to be de-
termined. Uncovering the mechanisms involved in delipidation will be
crucial in understanding how tumor cells hijack the BM niche to fuel
their progression.

We also suggest that clinically targeting BMAT is very feasible. We
observed bone-anabolic anti-sclerostin antibodies can reduce myelo-
ma-induced bone disease in three mouse models [66] and also found
that these antibodies decrease BMAT [67], thus signifying that bone-
targeting therapies may also modulate BMAT and suggesting a second
method of action for these therapies. Metformin has also been shown
to decrease BMAT in obese, high-fat diet mice [8], which could be relat-
ed to its potential effects on myeloma [68–70]. Inhibiting the “vicious
cycle” between myeloma cells and osteoclasts that causes osteolysis
has been transformative in clinical practice, and we foresee that
targeting BMAs may prove to be a novel and similarly transformative
approach to treating bone cancer. We envision that future studies
with our 3Dmodels will help define the bidirectional crosstalk between
adipose and tumor cells to expose druggable targets, novel treatments,
or disease and response biomarkers to change the course of myeloma.

5. Conclusion

We have developed a novel 3D co-culture model system of bone
marrow adipose tissue and myeloma cells that allows for accurate in
vitro recapitulation of adipocyte function and adipocyte-myeloma inter-
action.We demonstrated our ability to differentiate and sustain adipose
tissue for long periods (3 months) on silk scaffolds and showed evi-
dence that 3D BMAT is superior compared to 2DBMATusingmicroarray
analyses. Our work identified autofluorescent lipids within adipocytes
and showed that BMA lipids are reducedwhen co-culturedwithmyelo-
ma cells. We found that many, but not all BM stromal cells are
adipogenic progenitor cells. Our lab and others are now attempting to
define and characterize the BMadipocyte progenitor cell and its cell sur-
face markers, and compare this cell to the currently knownmultipotent
stem cell defined with specific cell surface markers [71,72]. Identifying
the BM adipocyte precursor, predicted to be a Pref1+, RANKL+ precur-
sor [73], and isolating that from the bulk BM stroma population is an in-
teresting future direction beyond the scope of this work.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2018.01.023.
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