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ABSTRACT

Studies of anticancer therapies in traditional cell culture models can demonstrate efficacy of direct-acting compounds but
lack the 3-dimensional arrangement of the tumor cells and their tissue-specific microenvironments, both of which are
important modulators of treatment effects in vivo. Bone cells reside in complex environments that regulate their fate and
function. A bioengineered human bone-tumor model has been shown to provide a microphysiological niche for studies of
cancer cell behavior. Here, we demonstrate successful transfer between 2 laboratories and utility of this model in efficacy
studies using well-established chemotherapeutic agents. The bioengineered human bone-tumor model consisted of Ewing
sarcoma (RD-ES) cancer cell aggregates infused into tissue-engineered bone that was grown from human mesenchymal
stem cell-derived differentiated into osteoblasts within mineralized bone scaffolds. The tumor model was maintained in
culture for over 5 weeks and subjected to clinically relevant doses of linsitinib, doxorubicin, cisplatin, methotrexate,
vincristine, dexamethasone, or MAP (methotrexate, doxorubicin, and cisplatin combination). Drug administration cycles
were designed to mimic clinical treatment regimens. The bioengineered tumors were evaluated days to weeks after the
cessation of treatment to monitor the potential for relapse, using bioengineered bone and ES cell monolayers as controls.
Drug binding to the scaffolds and media proteins and gene expression were also evaluated. We show that a bioengineered
human bone tumor can be used as a microphysiological model for preclinical studies of anticancer drugs. We found that
anticancer efficacy was achieved at concentrations approximating the human Cmax, in contrast to traditional ES cell
monolayers. These studies show that the bone-tumor model can be successfully transferred between laboratories and has
predictive power in preclinical studies. The effects of drugs on the bone tumors and healthy bone were studied in parallel,
in support of the utility of this model for identification of new therapeutic targets.

Key words: tissue chip; alternatives to animal testing < in vitro and alternatives; toxicogenomics < methods; safety evalua-
tion; bone < systems toxicology.

Skeletal bone is a common target for metastasis of primary
tumors formed in other tissues, including breast, lung, kidney,
prostate, and thyroid (Ferguson and Turner, 2018), as well as to
osteosarcoma and Ewing sarcoma (ES) that originate in bone.
Ewing sarcoma is the second most common primary malignant

bone tumor and is most frequently observed in adolescents in
their second decade of life (Moore and Haydon, 2014). Although
believed to arise from transformed bone marrow mesenchymal
stem cells, ES tumors are histologically heterogeneous, with
varying degrees of neural differentiation, and because they
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grow rapidly and aggressively are prone to metastases and re-
currence (Ferguson and Turner, 2018). Current treatment
options include chemotherapy (vincristine, doxorubicin, cyclo-
phosphamide, ifosfamide, and etoposide), surgery, and radia-
tion; newer therapeutic modalities for ES are directed at
targeting mTOR (a tyrosine kinase) and the fusion protein EWS-
FLI1, and at using immunotherapy (Yu et al., 2017). Despite
advances in clinical outcomes using combination local therapy
and chemotherapy, the long term cure rates remain at 20–30%
for patients with metastasis at diagnosis (Khanna et al., 2017).
Mice are the most common model for studies of drug efficacy in
ES, by injection of murine (allograft) or human (xenograft) tu-
mor cells into the bone (Jacques et al., 2019); however, these
models are not without significant limitations such as limited
throughput and scalability, as well as the lack of a human mi-
croenvironment and of the precise manipulation of the model
needed to answer biological questions. Furthermore, to date
there are no genetically engineered mouse models of ES, se-
verely limiting the progress of the field (Jacques et al., 2018).

As an alternative to animal models, in vitro cell culture is
widely used, although it fails to model the complex in vivo mi-
croenvironment that recapitulates the native niche of solid
tumors (Ronaldson-Bouchard and Vunjak-Novakovic, 2018).
More recently, bone tumors have been bioengineered and stud-
ied in vitro, using human cancer cells and biomaterial scaffolds.
Organ-on-a-chip models now seek to generate higher biological
fidelity than traditional cell culture, using engineering
approaches that yield functional tissue units capable of predict-
ing organ-level responses (Marx et al., 2016). Indeed, tissue-
engineered tumor models are being grown in vitro to mimic
actual human tumors. Recently, we established a protocol for
bioengineering ES, by infusing tumor cell aggregates into hu-
manized bone scaffolds engineered from bone marrow-derived
mesenchymal stem cells. This allows for crosstalk between the
tumor cells and osteoblasts in the tissue microenvironment, in-
cluding secreted factors that mediate tumor growth and meta-
stasis (Marturano-Kruik et al., 2016). This novel in vitro model of
ES is based on tumor cell growth within the tumor microenvi-
ronment (Chramiec and Vunjak-Novakovic, 2019). By utilizing
both approaches within 1 model, this bone-tumor tissue chip
was able to reestablish key properties of both native human
tumors themselves (such as re-expression of cancer-related
genes like STAT3 and presentation of a necrotic core), as well as
properties related to their interaction with their bone niche,
namely upregulation of focal adhesion genes, regeneration of a
hypoxic and glycolytic phenotype, and recapitulation of angio-
genic ability and vasculogenic mimicry (Villasante et al., 2014).
Critically for pharmacological investigations, our bone-tumor
model can be maintained for prolonged periods (weeks to
months), unlike the 2-dimensional in vitro cell culture models.

Some of our more recent studies have shown that biophysi-
cal stimuli mimicking those normally present within the native
bone-tumor microenvironment resulted in the shift of tumor
cells cultured in 3-dimensional settings toward a more native
tumor phenotype (Marturano-Kruik et al., 2015). In addition, we
reported that therapeutic reagents with demonstrated efficacy
in ES treatment, such as zoledronic acid, inhibited bone resorp-
tion mediated by osteoclasts (Villasante et al., 2017). In this
study, we aimed to evaluate the utility of our bioengineered hu-
man ES tumor model for a preclinical drug-screening paradigm.
We tested whether a model that allows both crosstalk between
cancer cells and replicates the key components of the bone-tu-
mor microenvironment can provide valuable information about
anticancer drug efficacy not detected using traditional in vitro

models. The experiments included testing the reproducibility of
this model across 2 laboratories in a series of independent
experiments of dose-dependent effects of chemotherapeutic
drugs, thereby addressing the critical issue of technology trans-
fer necessary to promote the adoption of these models (Ewart
et al., 2017). We also compared this 3-dimensional model to the
traditional monolayer culture of ES cancer cells using a number
of cytotoxic drugs that are used in the clinic.

MATERIALS AND METHODS

Tissue-engineered bone and bone tumors. The 3D-B (3D-Bone) and
3D-B/T (3D-Bone Tumor) were grown at Columbia University as
previously described (Grayson et al., 2010; Marcos-Campos et al.,
2012; Villasante et al., 2014), then shipped to Texas A&M
University for testing. Cell culture scaffolds (8� 4� 1 mm) were
prepared from decellularized bovine bone. Briefly, thick slices
(�1.5 inches) of trabecular bone were obtained from the meta-
tarsal of a bovine calf using a band saw. From these slices, a
CNC milling machine was used to acquire rectangular bone
cores with a cross-section of 4 � 8 mm, after which an
IsoMetTM low speed wafering saw (Buehler, Lake Bluff, Illinois)
was used to precisely cut 1 mm thick bone scaffolds. The scaf-
folds were washed in 0.5% SDS buffer to remove bovine cellular
debris and subsequently treated with a DNase and RNase solu-
tion (Sigma-Aldrich, St Louis, Missouri) to remove bovine nu-
clear contaminants. The scaffolds were then lyophilized and
measured individually for weight to determine whether they
were within the ideal bone density range (11–18 mg) as previ-
ously shown (Grayson et al., 2010).

Each scaffold was seeded with 1 � 106 primary human bone
marrow-derived mesenchymal stem cells (hMSC) that were de-
termined to express markers CD29, CD44, CD105, and CD166,
and to not express CD14, CD34, and CD45 (Lonza, Basel,
Switzerland). After 4 weeks of osteogenic differentiation of
MSCs on osteoinductive scaffolds, the resulting engineered
bone was either maintained in culture (3D-B) or infused with
green fluorescent protein luciferase transduced Ewing sarcoma
cells (RD-ES and ATCC) cultured as 3 � 105 cell spheroids, em-
bedding 3 spheroids per scaffold. For 2-dimensional compari-
son, ES cells were cultured in a monolayer within a 96-well
tissue culture plate (2D-T). All bioengineered tumors were cul-
tured in RPMI-1640 medium (ATCC, Manassas, Virginia) supple-
mented with 10% FBS (Atlanta Biologicals, Flowery Branch,
Georgia), and 1% pen-strep.

Upon receipt at Texas A&M University, the cultured tumors
were placed into a custom 12-well polycarbonate plate and held
suspended in place. Medium was changed daily for 1 week prior
to testing, to allow for tissue equilibration after shipping. After
this period, the vehicles alone (0.1% dimethyl sulfoxide [DMSO])
or drugs (linsitinib [12mM], doxorubicin [4.16 mM], cisplatin [3, 10,
30 mM], methotrexate [0.1, 1, 10 mM], vincristine [0.1, 1, 10 mM],
dexamethasone [0.1, 1, 10 mM], or MAP, a combination of cis-
platin [4.4 or 44 mM], methotrexate [0.18 or 1.8 mM], and doxorubi-
cin [0.1 or 1 mM]) were added into the culture medium (Figure 1).
Medium was replaced completely on treatment days and at 50%
on “rest days.” Media samples were collected daily throughout
the testing duration.

Analytical methods. Media samples containing linsitinib, doxoru-
bicin, methotrexate, vincristine, and dexamethasone were ana-
lyzed by triple-quadrupole mass spectrometry (Agilent 6470,
Santa Clara, California) coupled to high performance liquid
chromatography (HPLC QqQ MS; Agilent 6470 MS 1290 Infinity II
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HPLC) equipped with ZORBAX Eclipse Plus C18 guard and ana-
lytical columns (guard: 5 mm 20 � 2.1 mm; analytical: 1.8 mm,
100 Å 3.0 � 50 mm). The solvent gradient was based on the man-
ufacturer’s recommendations. Briefly, the column compartment
was held at 40�C during sample analyses. The samples (10 mL
each) were spiked with an internal standard and injected. The
mobile phase flow rate was 0.4 mL/min, and the mobile phases
were A: water with 0.1% (v/v) formic acid and B: acetonitrile
with 0.1% (v/v) formic acid. The gradient was set to 90% A from
0 to 3 min, 5% A from 3 to 7 min, and 90% A from 7 to 10 min for
column equilibration. Internal standards were neratinib (for lin-
sitinib), ranitidine (for doxorubicin) (Abdel-Hamid and Sharma,
2004), aminopterin (for methotrexate) (Rodin et al., 2013), vin-
blastine (for vincristine) (Guilhaumou et al., 2010), and testoster-
one (for dexamethasone) (Yuan et al., 2015). Data were acquired
in positive electrospray ionization mode and are shown as % re-
covery of the stock treatment solutions.

Cisplatin (Pt) analysis was performed in 100 ml effluent sam-
ples that were digested by adding 2.4 ml of 1% nitric acid
(Millipore Sigma, Burlington, Massachusetts) and shaken to al-
low any gases to escape. The samples were left overnight to en-
sure complete digestion. Calibration concentrations ranged
from 0 to 300 mM. Blanks containing cell culture media (100ml)
and acid (2.4 ml) were analyzed along with each sample batch.
Samples and calibration standards were analyzed on an ICP-
Mass Spectrophotometer NexIon 300 (Perkin Elmer, Waltham,
Massachusetts). Concentrations were determined as Pt (195),
the most abundant isotope, to provide the best sensitivity and
were based on a linear calibration curve (r2 > 0.99) using bis-
muth as an internal standard (Zhang et al., 2016). To avoid carry-
over, 2% of nitric acid was used as a wash between sample
analyses. Results are shown as % recovery from stock treatment
solutions.

Determination of drug-free fraction. Rapid equilibrium dialysis
(RED) inserts (ThermoFisher, Austin, Texas) were used to deter-
mine the free fraction of each test compound in culture media.
Solutions (100 ml) of test compounds in cell culture media were
placed into the sample chamber, and PBS (350 ml) was added to
the buffer chamber. RED plates were incubated at 37�C for 4 h
on a rotary shaker at 400 RPM. After incubation, 200 ml of super-
natant was collected from each chamber, combined with 200 ml

of PBS or cell culture medium (for sample and buffer chambers,
respectively), and spiked with the internal standard (10ml).
Samples were extracted by adding 200 ml chilled acetonitrile and
centrifuged at 4�C for 10 min at 10 000 g. After separation, the
top fraction was collected and concentrated, then reconstituted
in LC-MS aqueous phase (acetonitrile with 1% [w/w] formic
acid). Samples were analyzed for either LC-MS/MS (linsitinib,
doxorubicin, methotrexate, vincristine, and dexamethasone) or
ICP-MS (cisplatin) as described above.

Tumor cell viability. The ONE-GloTM luciferase assay (Promega,
Madison, Wisconsin) was used to quantify tumor cell viability
in 2-dimensional and 3-dimensional cultures. 3D-B and 3D-B/T
scaffolds were cut in half through the center of the tumor, such
that the entire cross-section is exposed and can be tested for
cell viability. The samples were placed into a standard 96-well
plate and treated along with 2-dimensional monolayers with
the assay reagent for 10 min in dark. After incubation, a plate
reader (BioTek, Winooski, Vermont) was used to measure lumi-
nescence. Background signal from bone tissue was removed by
subtracting 3D-B values from 3D-B/T readings. Values were
shown as percent control (wells or scaffolds treated with the
0.1% DMSO vehicle).

Gene expression profiling. Transcriptome analysis of 2-dimensional
and 3-dimensional cultures was conducted using the Templated
Oligonucleotide Sequencing Assay (TempO-SeqTM, BioSpyder
Technologies, Carlsbad, California) using previously established
methods (Grimm et al., 2016; House et al., 2017). Cell lysates from
plates or 3-dimensional tumors were prepared using the lysis
buffer (provided with TempO-seq probes). After 10-min incuba-
tion at room temperature, lysates were stored at �80�C until test-
ing. TempO-seq libraries were prepared according to
manufacturer’s protocols using the ToxPanel targeted transcrip-
tome panel consisting of 2982 transcripts. Briefly, hybridization of
the mRNA content was achieved by incubation of 2ml cell lysate
and 2ml of hybridization mix for 10 min at 70�C, cooling from 70�C
to 45�C over 49 min, and incubation at 45�C for 1 min. Excess oli-
gonucleotides were digested at 37�C in a nuclease catalyzed reac-
tion for 90 min. Hybridization products were incubated with DNA
ligase (60 min, 37�C), and nuclease and ligase were denatured
(30 min incubation, 80�C). About 10ml of each ligation product

Figure 1. Experimental design. 3-dimensional bone, 3-dimensional bone-tumor, and 2-dimensional Ewing sarcoma cell monolayers were studied. A, Reproducibility

testing. B, Drug studies. Treatments shown in each panel and concentrations for each drug are explained in Materials and Methods. Experimental schedule is shown

with treatment days are shaded in blue. Days 1–7 and 28–37 (B) are not drawn to scale. Triangles show experimental days when cell culture medium was collected.

Right-most triangle indicates the time point for formalin fixation and imaging, cell viability testing, or mRNA isolation. Abbreviations: 2D-T, 2D Ewing sarcoma cell

monolayers; 3D-B, 3D bone; 3D-B/T, 3D bone-tumor.
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was mixed with 10ml of PCR amplification mix, and amplified in a
LightCycler 96 (Roche, Basel, Switzerland). Amplicon samples
(5ml) were pooled and purified using a commercial PCR clean-up
kit (Clontech, Mountain View, California). These pooled libraries
were sequenced in 50 single-end read mode using a rapid flow
cell on a HiSeq 2500 Ultra High Throughput Sequencing (Illumina,
San Diego, California).

Sequencing reads from demultiplexed FASTQ files were
aligned using the temposeqcount application (House et al.,
2017). Probes with less than 5 counts and samples with less
than 100 counts/gene were removed from further analysis. The
resulting raw expression count matrix (n¼ 2, 977 genes) was
subsequently normalized, and the differential gene expression
analysis was conducted using DESeq2 (Love et al., 2014). Genes
were selected for dose-response modeling and point-of-depar-
ture estimates were calculated as described in (House et al.,
2017). Venn diagrams were constructed using jvenn (Bardou
et al., 2014). Reactome ontology sets were paired to occupancy
amongst the 2977 probes. Genes in each treatment that passed
the QC flags for dose-response modeling (House et al., 2017)
were examined for overlap of at least 5 genes in Reactome
ontologies. In addition, the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v.6.8 (Huang
et al., 2009) was used for functional annotation of pathways.
Sequencing data are available from Gene Expression Omnibus
(GSE135323).

Immuno-histochemistry. Two-dimensional and 3-dimensional tis-
sues were fixed in 10% formalin. The 3-dimensional tissues
were embedded in paraffin and sectioned to 4 mm. Fixed wells
and tissue sections were stained with hematoxylin and eosin
(H/E) to measure the tumor growth area.

Lactate dehydrogenase and osteopontin. Daily supernatant samples
from 2-dimensional to 3-dimensional cultures were analyzed to
detect lactate dehydrogenase (LDH) using a commercial colori-
metric detection kit (Abcam, Cambridge, Massachusetts). TE-B
and TE-B/T supernatant samples were tested for Osteopontin
(OPN) by a commercial ELISA kit (Abcam). OPN was not mea-
sured in 2D-T samples, as these did not contain a “bone” com-
ponent. All samples were tested following the manufacturer’s
protocols.

Statistical analyses. All data are presented as mean 6 SEM.
Statistically significant differences denoted as p< .05 were de-
termined using either an unpaired Student’s t test or a one-way
analysis of variance, as indicated in corresponding figure
legends.

RESULTS

Bioengineered human bone-tumor model and drug treatments
We utilized human bone tumors that were bioengineered
in vitro and maintained in culture for prolonged periods of time
(weeks to months) (Marturano-Kruik et al., 2016; Villasante et al.,
2014). Fully decellularized bovine bone scaffolds (8� 4� 1 mm)
were first seeded with hMSCs and, after 4 weeks of osteogenic
differentiation, infused with ES cell spheroids (3D-B/T), or were
cultured without ES spheroids (3D-B). The 3D-B/T and 3D-B
models were bioengineered at Columbia University and then
shipped overnight to Texas A&M University, where they were
cultured for an additional 4–6 weeks in ES medium. In parallel
experiments, ES cells were cultured in the same medium in a
traditional monolayer culture (2D-T). Three-dimensional and 2-

dimensional cultures were exposed to a number of anticancer
drugs on designated days, as shown in Figure 1. Medium was
replaced daily in all cultures. At the end of each experiment,
tumors and cells were fixed or flash frozen for imaging and mo-
lecular analyses.

To enable comparisons with the effects of the tested drugs
seen clinically in patients, and to characterize the nonspecific
binding of drugs in the engineered tissues, we conducted a se-
ries of experiments (Figure 2). Rapid equilibrium dialysis was
used to characterize free fraction of each drug in the ES cell
culture media (Figure 2A). The bioavailability of all compounds
was �50%. Next, we tested nonspecific binding of drugs in
scaffolds, without (Figure 2B) or with (Figure 2C) 3-dimensional
tissues. The drugs were present in culture medium only on
treatment days. Most of the drug was removed during
medium replacement. Doxorubicin demonstrated some bind-
ing to the scaffolds materials, as 50–80% of the free fraction
was recoverable from the scaffolds without cells. Only linsiti-
nib was lost to a considerable extent (75–40%) in 3-
dimensional cultures, a finding consistent with its rapid elimi-
nation and extensive biotransformation observed clinically
(Poondru et al., 2016).

Reproducibility of the bioengineered human bone-tumor model
Bioengineered ES tumors prepared at Columbia University
were tested with linsitinib and doxorubicin using clinically ob-
served concentrations (Figure 3). ES cells grew well in the
microphysiological environment and the selected drugs had
clear cytotoxic effects. Effects of linsitinib were more pro-
nounced in experiments in laboratory 1, but both laboratories
demonstrated similar degrees of drug cytotoxicity. The effects
of doxorubicin were nearly identical in the 2 laboratories,
with over a 99% reduction in cancer cell viability. Laboratory 2
also tested ES cells in 2-dimensional cultures and showed
greater potency compared to that in 3D-B/T model.
Interestingly, doxorubicin had a more pronounced effect on
the bone compartment of this model (elevated osteopontin),
as compared to linsitinib (Supplementary Figure S1), consis-
tent with the evidence of direct bone effects of doxorubicin
(Fan et al., 2017).

Another test of the model reproducibility, especially be-
tween different batches of the bioengineered human bone
tumors, was the confirmation of gene expression profiles.
Figure 4 shows that more than one-third of the transcripts in-
terrogated were different between bioengineered bone tumors
and bone (Figure 4A). To examine concordance in the tran-
scriptomic signature of this complex model between indepen-
dent experiments, gene expression profiles of vehicle-treated
tissues were compared. Even though tissue constructs were
cultured for either 4 weeks (top graph) or 3 weeks (bottom
graph), 84% of the transcripts that were significantly different
between bone tumors and bone were identical (Figure 4B, top).
Moreover, the level of significance in the difference of expres-
sion of these transcripts between bone tumors and bone tissue
was also highly concordant between 2 time points examined
(Figure 4B, bottom). Functional annotation clustering of the
overlapping transcripts showed enrichment in a number of
classic cancer-related biological process pathways including
cell proliferation, DNA damage repair, and apoptosis
(Supplementary Table S1).

Assessment of gene expression in drug-treated tumors was
not possible because of the significant cell death due to treat-
ments and difficulty of extracting mRNA.
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Testing anticancer drug efficacy in the bioengineered human bone
tumors
To test the utility of the bioengineered tumor model for drug-ef-
ficacy screening, we conducted a series of experiments of che-
motherapeutic drugs commonly used for bone tumors (Meyers,
2015), using dexamethasone as a control, as this glucocorticoid
has been associated with osteoporosis and osteonecrosis
(Weinstein, 2012). Dose-response was evaluated for each of the
drugs, and their effects were compared between 3D-B/T and 2D-
T models (Figure 5). We evaluated 96 3D-B/T scaffolds simulta-
neously over an almost 6-week long period (Figure 1B). Drugs

were added as specified to simulate clinical treatments, and the
ES cell viability was evaluated 2 weeks after the last drug
treatment.

Representative H/E-stained images of bone-tumor scaffolds
are shown in Figure 5A. The numbers of ES cells were dramati-
cally reduced as compared to drug-free controls, where ES cells
filled the spaces between trabeculae. Quantitative analysis of
cell viability in 3D-B/T group is shown in Figure 5B.
Concentration-dependent ES cell toxicity was evident for all
chemotherapeutic agents. Interestingly, dexamethasone also
tended to decrease viability of ES cells, while the effect was not

Figure 2. Pharmacokinetic parameters for the drugs and 3-dimensional scaffolds. A, Results of the rapid equilibrium dialysis assay to determine free fraction of each

drug in cell culture media. B, Fractions of drugs recovered after 24-h incubation in the scaffolds without cells. C, Fraction of drugs recovered after 24-h incubation in the

scaffolds with cells. In B and C, the time-course is shown for the duration of each experiment and the times when the drug was present are indicated by the horizontal

bars below each x-axis. Data are expressed as mean 6 SEM (n�3 replicates). Abbreviation: R.E.D., rapid equilibrium dialysis.
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significant. In the 2D-T group (Figure 5C), similar effects were
observed, with cisplatin effectively eliminating all cells.
Dexamethasone had no effect on ES cell viability in this model,
showing that the observed effect in 3D-B/T group was likely due
to the adverse effects on mesenchymal cells that impacted the
viability of ES cells.

The effects of drugs on bone and ES cells cannot be distin-
guished in 2-dimensional monolayers but can be achieved us-
ing the 3D-B/T model. We monitored the release of
osteopontin and LDH into the culture medium over the course
of the experiment (Supplementary Figure S2). The treatment
with methotrexate, MAP and dexamethasone suppressed
osteopontin release, consistent with the known effects of
these drugs on osteoclasts (Sun et al., 2014). At the same time,
monitoring of LDH in the culture media in either 3-
dimensional or 2-dimensional models was less informative, as
the levels of LDH decreased because of the loss of live cells,
and the spikes in LDH were not detected. Therefore, the utility
of this biomarker for continued monitoring of cell viability
may be limited.

Effects of drugs used in this study were also assessed
through the changes in gene expression. Similar to the experi-
ments with linsitinib and doxorubicin, we were unable to deter-
mine gene expression in 3-dimensional tumors due to low
viability and difficulty in extracting material. However, robust
dose-response effects were observed in the 2-dimensional
model (Figure 6). First, we identified differentially expressed
genes and calculated the transcriptomic concentration-
response points of departure (Figure 6A). We showed dose-
dependent effects on expression of CHEK1, a key regulator of
checkpoint-mediated cell cycle arrest in response to DNA
damage.

Across treatments with 5 drugs, all chemotherapeutic agents
showed robust responses with hundreds of affected transcripts
showing significant dose-response relationships (Figure 6B).
Only dexamethasone had little effect on ES cells, as expected.
Effects of cisplatin, methotrexate, and MAP, a combination ther-
apy that includes both drugs, were highly overlapping.
Vincristine had the most pronounced effect on the transcrip-
tome of ES cells. When dose-response transcriptomic data were

Figure 3. Histopathology and cell viability endpoints demonstrating reproducibility of the results between the 2 laboratories. A, Representative microphotographs of

the hematoxylin-eosin-stained sections of 3-dimensional bone-tumor scaffolds treated with vehicle (“Control,” 0.1% dimethyl sulfoxide), linsitinib (12 lM), or doxorubi-

cin (4.16 lM). Cell masses indicate tumor cell growth. Contiguous areas represent bone scaffold trabeculae. Data for 2 laboratories are shown separately. B, Tumor

(Ewing sarcoma) cell viability on the last day of the experiment after treatment with either linsitinib (left panels) or doxorubicin (right panels) in 3-dimensional bone-

tumor and 2-dimensional Ewing sarcoma cell monolayers (in laboratory 2 experiments) are shown relative to vehicle-treated control (“Con”) cells. Data are expressed

as mean 6 SEM (n� 3 replicates). Asterisks denote significant difference (p< .05) between drug-treated and control groups according to an unpaired t test.

Abbreviations: 2D-T, 2D Ewing sarcoma cell monolayers; 3D-B/T, 3D bone-tumor.
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used to derive dose-response pathways (Figure 6C), we observed
similar trends. Interestingly, all 4 chemotherapeutic agents
shared the majority of the dose-responsive pathways
(Figure 6D) and their effects correlated to their cytotoxicity mea-
sured by DNA damage and chromatin effects. Vincristine af-
fected a larger number of pathways as compared to other drugs,
primarily those governing chromatin remodeling and mitotic
arrest, concordant with its known effects on the spindle assem-
bly checkpoint that results in an accumulation of cells in pro-
metaphase (Havas et al., 2016).

Finally, we compared dose-response effects of drugs to the
human Cmax values reported from clinical studies (Figure 7). For
all drugs except for cisplatin, we used concentrations that, after
correction for free fraction and scaffold binding of each drug
(Figure 2), corresponded to human Cmax values. Effects of drugs
on gene expression in the 2-dimensional model were observed
at concentrations that were within 1 order of magnitude, but
lower than Cmax, except for cisplatin where they were greater
than Cmax. Pathway-based points of departure were less vari-
able as compared to gene expression-based values at the indi-
vidual transcript level, regardless of the choice of the median or
minimal transcript to calculated pathway dose-response.
Interestingly, the points of departure derived from the cell via-
bility measurements were most aligned with the human Cmax

range, especially for the 3D-B/T model. Treatments with dexa-
methasone had no effect on cell viability in either 2-
dimensional or 3-dimensional models and only a minimal ef-
fect on gene expression. Pathway analysis of the small number
of transcripts affected by dexamethasone treatment yielded no
significant findings.

DISCUSSION

A common challenge to the wide adoption of tissue chip models
is the perceived complexity of their assembly and maintenance,
as well as concerns over the reproducibility of the findings in
these complex systems (Ewart et al., 2017; Low and Tagle, 2017).
Few examples of successful replication of complex tissue chip
models have been published (Sakolish et al., 2018); therefore,
one area of emphasis of this study was evaluation of the repro-
ducibility of the bioengineered bone-tumor model.

If bioengineered human bone-tumor models are to be used
as a preclinical drug-screening paradigm, the key components
of the bone-tumor microenvironment need to be robust, replica-
ble, and have a reasonable throughput. Thus, it is noteworthy
that despite the complexity of the model, it was successfully
transferred between 2 independent laboratories. In addition, we
demonstrated the substantial throughput that allowed for stud-
ies of multiple drugs and concentrations in clinically relevant
testing regiments with on/off treatment periods spanning mul-
tiple weeks that would otherwise not be possible with tradi-
tional monolayer culture. To establish the utility of the 3-
dimensional tissue models of human tumors, we compared it to
the most frequently used study model—a monolayer culture of
tumor cells.

The bioengineered tissues provide complex models that
more faithfully replicate the complexities of the human tumors
in 3-dimensional microenvironment of the bone (Grayson et al.,
2010; Marturano-Kruik et al., 2016). Tests of cytotoxic potential
of drugs in a monolayer of cancer cells are straightforward,
yet the translation of the efficacy and potency of the

Figure 4. Transcriptome analysis for 3-dimensional scaffolds. A, MA plots depict each transcript in the analysis using the values for “M” (log2 ratio of the difference be-

tween vehicle-treated 3D-B/T and 3D-B samples) and “A” (normalized transcript counts). Two experiments are shown where scaffolds were prepared independently

and treated with vehicle (0.1% dimethyl sulfoxide) for either 27 (experiment 1) or 20 (experiment 2) days (see Figure 1A) in the same laboratory. Transcripts that are sig-

nificantly different (padj < .05 according to pairwise t test with Bonferroni correction) are colored as not black. Triangles show transcripts with fold-differences that ex-

ceed jlog2j¼4. B, Significantly different transcripts identified in experiments shown in Panel A have been compared between experiments. The Venn diagram shows

the extent of the overlap in gene lists and the numbers of significant transcripts in each list are shown to the side of both circles. The scatter plot shows padj values for

the transcripts that overlap between 2 experiments. Pearson correlation coefficient (r) and the corresponding p-value are shown. Abbreviations: 3D-B, 3D bone; 3D-B/T,

3D bone-tumor.
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chemotherapeutic agents from a dish to in vivo is very challeng-
ing (Carvalho et al., 2017). In this regard, we show that while it is
impossible to recreate the exact tumor microenvironment
within the bioengineered bone, the tissue morphology is very
similar between 2 testing sites, and therefore, tissues can be
successfully transported, remain viable, and undergo few signif-
icant changes. Bioengineered bone tumors showed similar ES
cell coverage in scaffolds qualitatively before and after treat-
ment, as well as highly concordant gene expression signatures
between experiments, demonstrating high expression of
tumor-related genes in the bioengineered bone tumor.
Doxorubicin’s effects in the bioengineered bone-tumor tissues
were very similar between labs; however, linsitinib treatment
was less potent in laboratory 2. This finding agrees with experi-
mental (Lamhamedi-Cherradi et al., 2016) and clinical (Dutton
et al., 2018) data that linsitinib, a dual IGF-1R/insulin receptor al-
pha inhibitor, is only selectively effective in some patient
cohorts.

To fully determine the value of the tissue chip models with
respect to their potential as a superior in vitro test system, a di-
rect comparison with traditional 2-dimensional models is
needed (Carvalho et al., 2017). Therefore, our experiments

included a direct comparison of the effects of drugs on a mono-
layer culture of ES cells. We observed that tumor cells grown in
2-dimensional culture were more sensitive to anticancer drugs.
In the bioengineered bone-tumor model, ES cells are grown in
spheroids within the bone microenvironment, similar to the
pathophysiology of the tumor in vivo; thus, higher concentra-
tions are needed to affect tumor cell aggregates. This observa-
tion is evidence of the advantages of the bioengineered tissues
for drug testing as compared to simplistic 2-dimensional cul-
tures because of the much higher proliferation rate of the can-
cer cells in a monolayer as compared to a 3-dimensional tissue.
In addition, the lower susceptibility of the bioengineered bone-
tumor model also exhibits upregulation of key cancer pathways
(Villasante et al., 2014), a tumor response that contributes to re-
sistance to treatments in vivo.

Another advantage of the complex tissue-like structure is
the ability to test drug-tissue/device interactions to better char-
acterize kinetics of the drugs in a realistic tissue microenviron-
ment. Concerns have been voiced with the potential for
artifacts from binding of hydrophobic drugs to the exposed sur-
faces of the scaffolds, depending on their material (Auner et al.,
2019). Even though in these experiments the bone-tumor

Figure 5. Histopathology and cell viability endpoints for the 3-dimensional and 2-dimensional models. A, Representative microphotographs of the hematoxylin-eosin-

stained sections of 3D-B/T scaffolds treated with the vehicle alone (“Control,” 0.1% dimethyl sulfoxide), cisplatin (10 lM), methotrexate (1 lM), MAP (low dose), vincris-

tine (1 lM), or dexamethasone (1 lM). B and C, Concentration-dependent effects of the 5 drugs on Ewing sarcoma cell viability in either 3D-B/T (B) or 2D-T (C) models.

Effects are shown relative to the vehicle-treated cells. Data are expressed as mean 6 SEM (n�3 per group and time point). Asterisks denote significant differences in tu-

mor viability between the drug-treated and control groups for each model according to a one-way analysis of variance. Abbreviations: 2D-T, 2D Ewing sarcoma cell

monolayers; 3D-B/T, 3D bone-tumor.
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scaffolds were cultured in polycarbonate plates and not in poly-
dimethylsiloxane (PDMS), binding of the drugs to the plates, to
the proteins in the media, and uptake by cells still need to be
evaluated. With respect to drug binding to the media proteins,
linsitinib and methotrexate were found to have an appreciable

degree of binding with 50–75% of the drug remaining as a free
fraction. The polycarbonate plates showed some nonspecific
binding only for doxorubicin, commensurate with a known af-
finity of this drug to polycarbonate polymers (Yu et al., 2016).
However, in the scaffolds with cells, we found that linsitinib

Figure 6. Concentration–response analysis of the transcriptome data for drug effects on Ewing sarcoma cells. A, Example 4-parameter logistic curve fits to the data on

CHEK1 expression after treatment with drugs on day 37 of the experiment (Figure 1B). Before plotting, data were normalized to transcript abundance in wells treated

with vehicle alone (0.1% dimethyl sulfoxide). A benchmark response for the point-of-departure in the concentration–response curve (vertical lines) was defined as one

standard deviation (horizontal dashed lines) of the mean for vehicle controls (horizontal black lines). Individual replicates are shown. B, The number of transcripts

with significant concentration–response relationships (see Materials and Methods) among treatments, and a Venn diagram of their overlap (dexamethasone data were

not included due to the low number of significant transcripts) created using jvenn (Bardou et al., 2014). C, The number of significant Reactome pathways identified from

the transcripts in Panel B and their overlap (Venn diagram). D, Representative treatment-specific dose-responsive pathways are shown with respect to the overlap

among treatments. The number of transcripts in each pathway is shown with the circles depicting the fraction of the effected genes in each pathway.
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had considerably lower recovery, meaning that it could be
absorbed, or otherwise sequestered, by the tissues. Other
tested compounds exhibited similar recovery between blank
and cell-seeded scaffolds; therefore, we conclude that there was
no scaffold binding, and cells were not sequestering these
drugs. Importantly, all compounds washed out quickly on non-
treatment days showing no retention of the drug by the
scaffolds.

Encouraged by the high reproducibility of this model across
laboratories, we aimed to test the utility of the bioengineered
bone tumors for testing a larger number of drugs and concentra-
tions. We selected several treatments of bone tumors (Meyers,
2015). Dexamethasone is a glucocorticoid that has been associ-
ated with osteoporosis and osteonecrosis (Weinstein, 2012) and
it was used here as a drug that may have effects on the bone
scaffold, but not on the ES cells. These experiments involved si-
multaneous handling of 96 bioengineered bone-tumor scaffolds,

allowed for testing of 3 concentrations, and replication of the
clinically relevant on-off dosing regiments over 6 weeks.

The throughput of this study was comparable to, or even
greater than, a mouse xenograft experiment, but it was a hu-
man model that recreates tumor-bone microenvironment.
Dose-response was evaluated for each drug and their effects
were compared to the 2-dimensional cultures. All drugs showed
dose-response effects. Cisplatin, vincristine, and MAP were
most effective in killing ES cells in both the 3-dimensional and
2-dimensional models. Even though the drugs were more effec-
tive in 2-dimensional, we posit that the 3-dimensional model is
more relevant for testing efficacy of drug candidates as it
presents a more realistic scenario that may demonstrate the po-
tential for tumor relapse, as drugs need to be shown as effective
on the aggregates of tumor cells.

When we compared the points of departure for the cytotox-
icity effects or used gene expression as a phenotype, the

Figure 7. Comparison of the human plasma levels of drugs and their experimentally derived point-of-departure (POD) values in 2D-T and 3D-B/T models. Data for the 4

drugs tested in the experiments detailed in Figure 1B are shown. Gray shading indicates the range of free concentrations of each drug in culture media. Other data are

shown as box-and-whiskers plot where the horizontal line is a median value, the box is the interquartile range and the whiskers show 5–95 percentile range. Outlier

values are shown as dots on each graph. Human Cmax values were obtained from Pharmapendium and corrected based on free fraction of drug in human serum.

PODgenes were calculated using concentration-response data as detailed in Materials and Methods. PODpathways for each pathway represents either the median POD

(MED) among the transcripts in that pathway, or the minimum POD (MIN) of a transcript in that pathway. PODviability was calculated from concentration-response data

shown in Figure 6B (3D-B/T model) or Figure 6C (2D-T model) as detailed in Materials and Methods. Abbreviations: 2D-T, 2D Ewing sarcoma cell monolayers; 3D-B/T, 3D

bone-tumor; POD, point-of-departure.
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response of the 3-dimensional model to the cytotoxic effects
was closer to the human free Cmax value for each drug, showing
a more realistic estimate of the effective dose from this 3-
dimensional model. Gene expression-derived concentration-re-
sponse data from 2-dimensional experiments were also more
informative than traditional cytotoxicity estimates, indicating
that transcriptomics is a sensitive biomarker, albeit such experi-
ments would increase the cost and decrease throughput of 2-
dimensional models. We found that while dexamethasone was
nontoxic in 2-dimensional, in 3-dimensional, there was an ef-
fect on the viability of ES cells because it is targeting the bone
tissue, indirectly affecting the tumor aggregates. Furthermore,
vincristine and methotrexate showed a slight increase in osteo-
pontin, indicating potential adverse effects on the bone tissue,
and dexamethasone showed the greatest decrease in osteopon-
tin demonstrating a drop in viability of the osteoblasts in the
scaffold. Dexamethasone has been shown to affect bone devel-
opment in previous studies (Chen et al., 2018). Collectively, these
data show the ability of the 3-dimensional model to differenti-
ate between effects on tumor versus bone cells and to establish
concentration-response relationships for target and off-target
effects.

While the results of this study are encouraging with re-
spect to reproducibility and throughput of the bioengineered
bone-tumor model, there are a number of limitations to the
use of this model as a complete replacement for drug candi-
date screening in 2-dimensional cancer cell lines. First, the
amount of time needed to establish the model is longer
(weeks), as compared to 2-dimensional cultures (days). The
throughput is lower, and it is more challenging to image and
extract material from the tissue chip. On the other hand, the
advantages of the 3-dimensional model are many, such as the
presence of tissue-tumor microenvironment and ability to
study drug binding and kinetics. The former is the most com-
pelling advantage as it is well-established that tumor cell lines
cultured in 2-dimensional quickly downregulate genes in-
volved in cell-cell and cell-ECM interactions (Smalley et al.,
2006; Zschenker et al., 2012).

Moving forward, additional studies that provide greater con-
fidence in the robustness of the model’s performance in differ-
ent laboratories should be undertaken, with the elements of the
ring-trials used for formal validation of the alternative test
methods (Griesinger et al., 2016). Still, we posit that the bioengi-
neered bone-tumor model offers a compelling model system for
studies of inter-individual variability in drug sensitivity for both
cancer cells and human mesenchymal stem cell-derived osteo-
blasts. There are multiple subtypes of ES and other bone tumors
such as osteosarcomas (Ferguson and Turner, 2018; Yu et al.,
2017) and tailoring treatments to be patient-specific can be
done in a 3-dimensional bioengineered bone-tumor model, as
compared to the mouse xenograft model. In addition, our obser-
vations that effects on tumor microenvironment may be also
monitored in this 3-dimensional model open the possibilities to
introduce more cell types to the scaffolds such as osteoclasts
that are native to the bone-tumor milieu, and to test a broader
array of drugs specifically targeting the microenvironment.
Thus, the model presented here enables a wide variety of appli-
cations including anticancer drug testing, disease subtype
modeling, and personalized medicine.
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online.
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