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ARTICLE INFO ABSTRACT

Keywords: Current in vitro models for osteosarcoma investigation and drug screening, including two-dimensional (2D) cell
Bioprinting culture and tumour spheroids (i.e. cancer stem-like cells), lack extracellular matrix (ECM). Therefore, results
Osteosarcoma

from traditional models may not reflect real pathological processes in genuine osteosarcoma histological
structures. Here, we report a three-dimensional (3D) bioprinted osteosarcoma model (3DBPO) that contains
osteosarcoma cells and shrouding ECM analogue in a 3D frame. Photo-crosslinkable bioinks composed of gelatine
methacrylamide and hyaluronic acid methacrylate mimicked tumour ECM. We performed multi-omics analysis,
including transcriptomics and DNA methylomics, to determine differences between the 3DBPO model and
traditional models. Compared with 2D models and tumour spheroids, our 3DBPO model showed significant
changes in cell cycle, metabolism, adherens junctions, and other pathways associated with epigenetic regulation.
The 3DBPO model was more sensitive to therapies targeted to the autophagy pathway. We showed that simu-
lating ECM yielded different osteosarcoma cell metabolic characteristics and drug sensitivity in the 3DBPO model
compared with classical models. We suggest 3D printed osteosarcoma models can be used in osteosarcoma
fundamental and translational research, which may contribute to novel therapeutic strategy discovery.

In vitro model
Multi-omics
Drug screening
3D culture

1. Introduction culture and tumour spheroids (i.e. cancer stem-like cells [CSCs]) are

widely used [7-9]. However, they are unable to mimic genuine osteo-

Osteosarcoma is the most common primary bone malignancy.
Despite recent therapeutic advances, the use of broad-spectrum tyrosine
kinase inhibitor sorafenib [1], VEGFR inhibitor apatinib [2], recombi-
nant human endostatin endostar, etc. [3], osteosarcoma still does harm
to children and young adults [4]. The tumour microenvironment (TME)
is considered a major contributor to cancer progression and metastasis
[5]. A constituent of the TME, the extracellular matrix (ECM), modulates
many cellular behaviours, including communication, migration, adhe-
sion, proliferation, and differentiation [6]. As such, it profoundly affects
the progression of osteosarcoma. For pre-clinical evaluation, such as
drug screening of osteosarcoma, traditional two-dimensional (2D) cell
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sarcoma histological structure because of the lack of ECM [10], while
animal models face ethical issues and so-called ‘3R’ principle disad-
vantages [11,12]. Therefore, novel in vitro osteosarcoma models that
properly recapitulate the biologically native interactions between ECM
and osteosarcoma cells are urgently needed.

In recent years, 3D bioprinting technologies have made great prog-
ress in replicating the delicate architecture of different tissues and
mimicking the realistic in vivo microenvironment due to its ability to
deposit supporting biomaterials and living cells at the same time in a
cell-friendly manner [13-15]. In addition, 3D-bioprinting is an ideal tool
applied in organ modelling, multifunctional tissue repairing, and the
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production of biological sensors [16-21]. Mimicking the spatial struc-
ture of osteosarcoma, 3D bioprinting can assist in the assessment of cell
behaviour related to ECM and more accurate drug screening.

High-throughput sequencing can provide comprehensive analyses on
gene expression patterns of cancer tissues, predict cancer subtypes at the
molecular level, and deepen the understanding of related issues [22,23].
Various genetic and epigenetic factors affect gene expression, causing
various cancer phenotypes [24]. Multi-omics analysis combining tran-
scriptome and methylome could systematically detect the variation of
different pathways, discover biomarkers, and help identify therapeutic
targets and inform the medication management. This could more
accurately summarise the occurrence and development of the disease
than single analysis [25]. However, multi-omics analysis has not pre-
viously been applied in osteosarcoma model research.

In this study, using 3D bioprinting, we fabricated an in vitro osteo-
sarcoma model containing osteosarcoma cells and gelatine meth-
acrylamide (GelMA)/hyaluronic acid methacrylate (HAMA) hydrogel.
To allow the culture medium to pass through the model and to enable
nutrient and waste exchange, we created a grid-like scaffold structure.
GelMA/HAMA hydrogel promises good cell viability [14,26] and plays
the role of ECM. The gelatine provides basic cell adhesive motifs and
hyaluronic acid is an important component of the tumour matrix [27,
28]. The 3D bioprinted osteosarcoma (3DBPO) model is more similar to
real osteosarcoma tissues than traditional 2D or CSC models owing to its
nutrient-exchange structure and the addition of an ECM analogue.

Multi-omics analysis was applied to confirm the variety of pathways
and help us identify potential therapeutic targets that have not been
found in traditional models. We found that in this system, osteosarcoma
cells manifested different proliferation, metabolism, and adherens
junctions. Moreover, the 3DBPO models showed high autophagy level
and had significant sensitivity to autophagy inhibitor chloroquine
(CHQ). Our observations suggest that this 3D osteosarcoma model is a
promising platform for fundamental and translational research on
osteosarcoma.

2. Materials and methods
2.1. Materials

GelMA, HAMA, and phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) were obtained from StemEasy Biotechnology Company
(Jiangsu, China). HOS, 143B and U2-OS (human osteosarcoma cell
lines) were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Cell culture materials including Dulbecco’s
modified Eagle medium (DMEM) and Dulbecco’s modified Eagle me-
dium/F12 (DMEM/F12) were purchased from HyClone Laboratories
(ThermoFisher, Waltham, MA USA), Eagle’s minimum essential medium
(EMEM) was purchased from American type culture collection (ATCC,
Manassas, USA), foetal bovine serum (FBS) was purchased from Gibco
(ThermoFisher, Waltham, MA USA), and gentamycin sulphate (15 mg/
mL solution) was purchase from Sangon Biotech. Cytokines, basic
fibroblast growth factor (bFGF), and human epidermal growth factor
(hEGF) were purchased from PeproTech. N2 was purchased from
ThermoFisher Scientific. Clear round bottom ultra-low attachment
microplates (24 wells) were purchased from CORNING. TRIzol reagent
was purchased from Invitrogen (Carlsbad, CA, USA). A reverse tran-
scription kit was purchased from Promega (GoScript™ transcription kit,
A2791, Mannheim, GE). SYBR Green qPCR Master Mix and cell counting
kit-8 (CCK-8) assay were purchased from Bimake (Houston, USA). Live/
Dead assays were purchased from KeyGEN BioTECH (Jiangsu, China).
Antibodies, including anti-ULK1 (8054), anti-TSC2 (4308), anti-LC3A/B
(12741) and anti-rabbit IgG (4409; 4412) were purchased from Cell
Signaling Technology (CST, USA). Phalloidin-fluorescein isothiocyanate
(phalloidin-FITC, C1033) and 4',6-diamidino-2-phenylindole (DAPI,
C1002) were purchased from Beyotime (Shanghai, China). Fluorescein
Isothiocyanate (FITC) was purchased from Yeasen (Shanghai, China).
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Chemotherapeutic drugs, including cisplatin, doxorubicin, metho-
trexate, sorafenib, apatinib, erastin, everolimus, and chloroquine, were
purchased from Selleck Chemicals (Houston, TX, USA). Osteosarcoma
tissue microarrays were purchased from Bioaitech (L714901, Xi’an,
China).

2.2. 2D in vitro cell culture

Osteosarcoma cells (HOS, 143B, and U2-0S) were cultured at 37 °C
with 5% CO5 in DMEM containing 4.5 g/L glucose supplemented with
10% (v/v) FBS and 1% (v/v) gentamycin sulphate. The cell culture
media were changed routinely every 2 days. When the cells grew to
nearly 80% density, they were detached from the culture dishes with
trypsin, resuspended in cell culture media and plated again.

2.3. Spheroid culture of HOS stem cells (CSC culture)

As described previously [9], HOS, 143B, or U2-0OS cells (1 x 10*
cells/mL) were seeded in 24-well clear round bottom ultra-low attach-
ment microplates with DMEM/F12 containing N2 (1:100), bFGF (10
ng/mL) and hEGF (10 ng/mL). A total of 100 pL of culture medium was
added every 3 days to make up for evaporated liquid, but the media were
not changed. The cells were cultured at 37 °C with 5% CO», for 12 days.

2.4. Bioink preparation and 3D bioprinting

GelMA (5% [w/v]) and LAP (0.5% [w/v]) were dissolved in
phosphate-buffered saline (PBS) at 50 °C, and HAMA (1% [w/v]) was
added into the solution. After stirring overnight at 37 °C, the solution
was filtered through a 0.22-pm filter. To prepare cell-laden hydrogels,
HOS, 143B or U2-0S cells were detached from the culture dishes with
trypsin, centrifuged at 300 g for 5 min, and resuspended in the GelMA/
HAMA solution at a final concentration of 1 x 107 cells/mL avoiding
light.

The GeMA/HAMA and cell-laden bioink solutions were loaded into
the syringe of an EnvisionTEC 3D-Bioplotter (EnvisionTEC, Germany).
Before printing, we designed a layer-by-layer scaffold (10 x 10 x 1.5
mm, 5 layers), with a 0.3 mm thickness for each layer and a 1.3 mm
distance between each strip. We set the printing speed at 10 mm/s, the
pressure at 2 bar, and the printing temperature at 10 °C during printing.
The cell-laden bioink was printed as the scaffold through a 400 pm
nozzle (EFD Nordson, Switzerland), and blue light (405 nm, Io = 15 mW
cm~2) was then used to crosslink the bioink for 60 s, followed by being
planted in normal culture dishes and incubation in DMEM complete
medium (containing 4.5 g/L glucose supplemented with 10% (v/v) FBS
and 1% (v/v) gentamycin sulphate).

2.5. Rheology analysis

A rheometer with parallel upper and lower plates (Thermo HAAKE
MARS 60, 35 mm in diameter) was used to evaluate the rheological
properties of the hydrogel prepolymer solution. The amplitude sweep
was performed at 10 °C (the temperature during bioprinting) at a fixed
frequency of 1 Hz. A temperature sweep assay from 15 to 45 °C was
conducted at a rate of 1 °C per minute and a sampling frequency of 1 Hz.
The frequency sweep assay was carried out on mixtures between 100
and 0.1 Hz at a fixed temperature of 10 °C, and the storage moduli (G)
and loss moduli (G”) were recorded. Flow sweep assay was performed at
a shear rate ranging from 0.1 to 200 s_* at 10 °C.

2.6. Compression assay

The compression testing of the 3D bioprinted models was performed
by an Instron 5697 universal material testing system (Instron, USA).
Before testing, all the hydrogel models were cut into cubes 5 mm in
length. The compression strength is the applied stress required to break
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the hydrogel. The compression module is the slope of the initial linear
segment of the stress—strain curves.

2.7. Atomic force microscopy (AFM)

Topography and stiffness analyses of the hydrogel were performed
using a Bruker 2.7 atomic force microscope (AFM) with an E-piezo-
electric scanner (Bruker Dimension Icon, Billerica, MA, USA) set to the
PeakForce quantitative nanomechanics mode. The apparent Young’s
modulus was extrapolated by fitting the force curves with the Derja-
guin—-Muller-Toporov model. The stiffness of the hydrogel was obtained
by calculating the average Young’s modulus of three different samples
using the measurements of one 10 x 10 pm square per sample. Data
analysis was carried out in Nanoscope Analysis software (Bruker).

2.8. Live/dead assay of bioprinted HOS cells

Briefly, the bioprinted hydrogels were rinsed with PBS gently 3 times
(1 min each time), followed by immersion in 2 pM calcein acetox-
ymethyl (Calcein-AM) and 8 pM propidium lodide (PI) for 30 min at
37 °C while avoiding exposure to light. Then, the hydrogels were
washed with PBS 3 times (1 min each time). A confocal laser scanning
microscope (CLSM; TCS SP8, Leica, Wetzlar, Germany) was used to
observe the live (green fluorescence) and dead cells (red fluorescence).
The number of live and dead cells was counted by ImageJ.

2.9. RNA isolation and RT-qgPCR

The HOS, 143B or U2-0OS cells of the 2D culture were washed with
PBS 3 times, and Trizol reagent was then added to the microplate to
isolate the total RNA. The HOS cells of the spheroid culture were
collected in a 50-mL centrifuge tube, centrifuged at 300 g for 5 min, and
resuspended in Trizol reagent. Bioprinted hydrogels were washed with
PBS 3 times (1 min each time) and then transferred into glass grinders.
Subsequently, the 3D constructs were ground to powder with Trizol
reagent.

The sample solution was collected in microcentrifuge tubes. The
following RNA extraction steps were carried out according to the man-
ufacturer’s protocol. Using the GoScript™ Reverse Transcription Kit, 1
ug of total RNA template from each group was reverse transcribed into
cDNA. Real-time PCR was performed using a real-time PCR platform
(ABI Prism 7500 system, Applied BioSystems, Foster City, CA, USA) with
the SYBR Green qPCR Master Mix. Normalised gene expression levels
were calculated by the 272" method with normalisation to alpha-
tubulin. All the primers used in the real-time PCR are listed in Table S1.

2.10. DNA isolation

The HOS cells of the 2D culture and spheroid culture were collected,
centrifuged, and quick-frozen in liquid nitrogen. 3D hydrogels were cut
into small pieces, quick-frozen, and ground. The following steps were
then carried out based on the procedures for extracting normal cell DNA.

2.11. Omics analysis

2.11.1. RNA-seq analysis

RNA isolation was performed as described above. According to the
manufacturer’s protocol, 100-bp paired-end libraries were synthesised
using a TruSeq™ RNA sample preparation kit (Illumina, USA). An Ilu-
mina HiSeq 2500 platform was used to sequence the libraries. Library
construction and sequencing were performed at Sinomics Corporation
(Shanghai, China). Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis and gene set enrichment analysis
(GSEA) were performed to identify the differentially expressed mRNAs.
Three repetitions per group were used for these analyses.
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2.11.2. Methylation array analysis

Mlumina Epitect BeadChip 850K HumanMethylation Array (Illu-
mina, Inc., San Diego, CA, United States), which measures the methyl-
ation levels at more than 850,000 cytosine positions, was used to assess
the methylation of the whole DNA. The DNA was hybridised to Bead-
chips according to the manufacturers protocol. Subsequently, the signal
intensities were analysed by an iScan Microarray Scanner (Illumina).
Three repetitions per group were used for this analysis.

2.12. Cell counting kit-8 (CCK-8) assay

2.12.1. 2D models

On day 0, HOS, 143B or U2-0S cells were plated in 96-well plates at a
density of 2000 cells per well. On days 1, 4, and 7, cells were incubated
with 100 pL of complete phenol red-free medium containing 10% CCK-8
reagent at 37 °C for 2 h. A microplate reader (Tecan, M200pro,
Switzerland) was used to measure the absorbance at 450 nm. After each
test, the medium was replaced by fresh complete DMEM medium.

2.12.2. CSC models

On days 1, 4, and 7, 10% of the liquid volume per well of CCK-8
reagent was added to each well. After the cells were incubated at
37 °Cfor 2 h, 100 pL supernatant from each well was transferred into 96-
well plates. The measuring methods were the same as mentioned above.

2.12.3. 3D models

On day 1, the hydrogels were placed in 24-well plates and washed
with PBS 3 times, followed by incubation in 500 pL of complete phenol
red-free medium containing 10% CCK-8 reagent at 37 °C for 2 h. Next,
100 pL supernatant from each well was transferred into 96-well plates.
The measuring methods were the same as described above. Subse-
quently, the hydrogels were plated in new complete DMEM medium.
The experiment was repeated on days 4 and 7.

The cell proliferation curve was drawn in GraphPad Prism 7. Five
repetitions per group were used for this analysis.

2.13. Quantification of chemotherapeutic drug efficacy

HOS cells of 2D culture were plated in 96-well microplates (1 x 10°
cells/mL). The next day, the medium was replaced by medicate medium.
The cells were incubated with cisplatin (DDP), doxorubicin (DXR),
methotrexate (MTX), erastin (ERA), apatinib (APAT), sorafenib (SORA),
everolimus (EVE), or chloroquine (CHQ) at different concentrations (0,
0.01 pM, 0.1 pM, 1 pM, 10 pM, or 100 uM) for 48 h. Thereafter, the CCK-
8 assay was used to detect cell viability.

As for the HOS cells of spheroid culture, the drug susceptibility tests
were begun on day 7 of culture. The drug concentrations and incubation
time were the same as mentioned above. Then, the cell spheres incu-
bated at the same drug concentration were collected after the CCK-8
assay.

On day 7 of culture, 3D hydrogel models were incubated with the
drugs at different concentrations (0, 0.01 pM, 0.1 pM, 1 uM, 10 pM, 100
1M, or 500 pM) for 48 h. Then, the CCK-8 assay was used to detect the
cell viability.

GraphPad Prism 7 was used to make drug effect curves and calculate
IC50.

2.14. Immunofluorescence

Samples were fixed in 4% paraformaldehyde at 37 °C for 20 min, and
were then permeabilised by 0.1% Triton for 15 min and blocked with
10% goat serum for 1 h. Next, the samples were incubated with primary
antibodies at 4 °C overnight, including anti-ULK1 (1:50), anti-TSC2
(1:100) and anti-LC3A/B (1:100). After rinsing with PBS 3 times, the
samples were incubated with anti-rabbit IgG secondary antibody
(1:500) at room temperature for 1 h. Cell nuclei were stained using
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DAPI, and the samples were observed and imaged using CLSM (Leica
TCS SP8). The staining procedure for the 2D, CSC, and 3D models were
the same.

2.15. Cytoskeleton staining

The HOS cells of the 2D culture were fixed in 4% paraformaldehyde
at 37 °C for 20 min, then incubated with phalloidin-FITC for 2 h. Cell
nuclei were stained using DAPI, and the cells were observed and imaged
using CLSM.

2.16. Drug permeability test

Briefly, after washing with PBS, the three kinds of models were
incubated with FITC (10 pg/mL) for 2 h. The models were then observed
and imaged using CLSM.
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2.17. Survival analysis

The R2: Genomics Analysis and Visualization Platform (https://hgse
rverl.amc.nl/cgi-bin/r2/main.cgi) was used to analyse the overall sur-
vival probability of patients with osteosarcoma with respect to TSC2,
ULK1 and LC3 expression levels. In this study, Mixed Osteosarcoma
(Mesenchymal)-Kuijjer-127 dataset comprising 88 patients with sur-
vival information who were followed for 240 months was used. The
patients were divided into two groups with high and low gene expres-
sion and were analysed using Kaplan-Meier survival analysis. P < 0.05
was considered statistically significant. All data in the R2 platform is free
and accessible online.
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Fig. 1. Physical properties and biocompatibility of GeIMA/HAMA hydrogel. (A) The appearance of 2D monolayer cell (Phalloidin-FITC and DAPI staining), tumour
spheroids [i.e., cancer stem-like cells (CSC)] and 3D hydrogel models (HOS). Scale bar = 100 pm. (B) The AFM image indicates the apparent Young’s modulus of 3D
hydrogel in a square of 10 pm*10 pm. (C) The average apparent Young’s modulus of 3D hydrogel. (D) Drug permeability of 3D model tested by FITC. Scale bar = 250
pm. Temperature sweep analysis (E) of the bioink used in 3D tumour models. Brightfield confocal photos (F) and 3D reconstruction photos (G) of HOS viability
measured by Live/Dead assays on days 1, 4, 7. Scale bar = 250 pm. (H) Living cells rate was quantified by image analysis of the 3D hydrogel models. The green part of
column represents living cells, while the red part of column represents dead cells. (I) The CCK-8 assays were carried out on days 1, 4, and 7 to measure the HOS cell
proliferation in 2D, CSC and 3D models. The data are expressed as mean + SD (n = 3). **p < 0.01 indicate statistical significance.
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2.18. Immunohistochemistry staining and pathological correlation
analysis of osteosarcoma tissue microarrays

The osteosarcoma tissue microarrays collected osteosarcoma tissue
samples from 70 patients. For IHC (Immunohistochemistry) staining,
osteosarcoma tissue microarrays were incubated with anti-LC3A/B
(1:500). IHC staining analysis was then carried out to divide the sam-
ples into LC3-high and LC3-low two groups. 70 osteosarcoma tissue
samples were finally subjected to pathological correlation analysis.

2.19. Statistical analysis

Unless otherwise mentioned, all data in this study are expressed as
mean + standard deviation (SD) of at least three independent replica-
tions. Two-tailed Student’s t tests were applied for comparisons between
two groups, and one-way analysis of variance with Bonferroni’s post hoc
analysis was employed for comparisons among three or more groups. A
four-parameter logistical model was used to fit the drug effect curves,
and the drug concentrations at which cell viability descended to 50%
were determined (IC50). Fisher’s exact tests or Chi-square tests were
applied for pathological correlation analysis. Log-rank tests were used
for analysing Kaplan-Meier survival curve. All data analysis was per-
formed using Prism 9 (GraphPad, La Jolla, CA, USA).

3. Results
3.1. Physical properties and biocompatibility of GelMA/HAMA hydrogel

As shown in Fig. 1(A), we created three in vitro osteosarcoma models:
2D cell culture, tumour spheroids (i.e., CSCs), and 3D bioprinted model.
In 2D models, HOS were seeded in normal attachment culture dishes. In
CSC models, HOS were seeded in ultra-low attachment culture dishes
and cultured in medium with bFGF, hEGF, and N2, which would prompt
HOS to recover stem cell properties and grow into cell spheroids (nearly
2000 cells per spheroid). The stemness properties of the CSC models
were validated by real-time PCR (Fig. S1). Measured by AFM, the value
of apparent Young’s modulus in 3D bioprinted model was 50.5 + 1.0
kPa (Fig. 1(B-C)). The compression test showed that the 3D bioprinted
model had compressive strength at 52.6 + 8.2 kPa and compressive
modulus at 47.9 4+ 10.7 kPa (Fig. S2(A)). As shown in Fig. 1(D), we used
FITC to mimic chemotherapy drugs because its molecular weight
(389.4) is very close to those of commonly used drugs. FITC could
permeate the entire 3D osteosarcoma model within 2 h, confirming that
the 3D models have good drug permeability. Then, rheological behav-
iours of the GelMA/HAMA bioink were determined. We conducted
amplitude sweep first and found the critical strain value of the linear
viscoelastic region (LVR) is 76.99% (Fig. S2(B)). Temperature sweep
analysis revealed that the hydrogel was solid below 29.46 °C and liquid
above 29.46 °C (Fig. 1(E)). Flow sweep analysis identified the bioink
shear thinning behaviours (Fig. S2(C)). In the oscillatory frequency
range of 0.1-100 Hz and at 10 °C, the viscous modulus (G”) was less than
elastic modulus (G) at the whole period (Fig. S2(D)). Based on all the
rheological data, the bioink belongs to weak gel and is suitable for 3D
bioprinting [28].

Next, we carried out live/dead assay to examine the viability of HOS
cells after bioprinting and took brightfield (Fig. 1(F)) and 3D (Fig. 1(G))
confocal photos. The morphology of the HOS cells growing in the scaf-
fold could be observed. The cells were scattered on day 1 and they
proliferated and gathered together until day 7. ImageJ analyses revealed
the following living cells rates: 85.17 + 0.84% on day 1, 89.90 + 1.88%
on day 4, and 89.39 + 1.91% on day 7 (Fig. 1(H)). Furthermore, CCK-8
assay showed that HOS cells in this hydrogel could proliferate well, and
the proliferation rate in 3D was inferior to that in 2D (Fig. 1(I)).
Meanwhile, we used other two osteosarcoma cell lines, 143B and U2-0S,
to creat the three models, and found that they had similar proliferation
characteristics to HOS (Fig. S3(A-B)). To exclude the impact of different
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media, 3D models were also cultured in CSCs culture medium containing
bFGF, hEGF and N2 in another experiment. The results showed no sig-
nificant differences regardless of whether growth factors were added
(Fig. S4(A)). These findings suggest that osteosarcoma cells could sur-
vive and proliferate in the GelMA/HAMA matrix after bioprinting, and
the hydrogel has excellent biocompatibility.

3.2. Osteosarcoma cells in 3D culture show unique gene expression
compared to those in traditional in vitro models

To investigate the difference in the transcriptome among the three in
vitro osteosarcoma models, we extracted RNA samples of HOS cells from
3D hydrogels, cell spheroids, and 2D monolayer cells and then assessed
genome-wide gene expression by transcriptomic RNA sequencing (RNA-
seq). KEGG enrichment analysis among 2D, CSC, and 3D models was
conducted; the top 30 enrichment pathways are listed in a scatter dia-
gram (Fig. 2(A-B)). We analysed the results of 3D vs 2D, 3D vs CSC, and
CSC vs 2D groups and found that some enrichment pathways were
significantly changed, notably DNA replication, valine leucine and
isoleucine degradation, and adherens junction pathways. Furthermore,
GSEA showed the pathways could be roughly divided into three cate-
gories. Cell cycle-related pathways (e.g. DNA replication, mismatch
repair, cell cycle, and one carbon pool by folate), cell metabolism-
related pathways (e.g. glycosaminoglycan biosynthesis chondroitin
sulphate, other glycan degradation and valine leucine and isoleucine
degradation, and one carbon pool by folate), and cellular community-
related pathway (e.g. adherens junction) (Fig. S5). GSEA revealed that
the culture methods significantly affected proliferation, metabolism,
and adherens junction of osteosarcoma cells. Obviously, compared to 2D
models, both the 3D and CSC osteosarcoma models showed weaker
proliferation, and 3D models had less adherens junction-related genes
expression. The overview of KEGG enrichment metabolic pathways
further showed that the metabolic level of 3D cultured osteosarcoma
cells significantly changed compared to that of traditional models,
including 2D monolayer and CSC (Fig. S6(A-B)). In addition, we exam-
ined the association among 2D, CSC, and 3D osteosarcoma models
(Fig. S7). Based on the three models’ Pearson correlation coefficient, we
found that CSC models were similar to 2D models (average Pearson
correlation coefficient = 0.87), while 3D models were a little different
from 2D (average Pearson correlation coefficient = 0.75) and CSC
models (average Pearson correlation coefficient = 0.73). These results
suggest that the 3DBPO models are distinguished from traditional
models at the transcriptomic level, mainly manifesting in the differences
in cell cycle, metabolism, adherens junctions, and other pathways.

3.3. Osteosarcoma cells in the 3D model show weak proliferation, weak
adherens junction, weak anabolism, and strong catabolism

We conducted qPCR for specific genes to further verify the change of
each selected enrichment pathway. First, the genes of cell cycle-related
pathways were detected, including cyclin, cyclin-dependent kinase,
mini-chromosome maintenance, MutL-homolog, serine hydrox-
ymethyltransferase (SHMT) families, and other genes (Fig. 3(A)). Most
cell cycle-related genes were down-regulated in 3D osteosarcoma
models compared to 2D models, indicating weaker proliferation, while
CSC and 3D cultures behaved similarly.

Next, we detected the genes of metabolism-related pathways (Fig. 3
(B)). It was found that the genes of glycosaminoglycan biosynthesis
chondroitin sulphate pathway and adherens junction-related genes were
down-regulated in the 3D model (Fig. 3(C)). In contrast, the genes of the
glycosaminoglycan biosynthesis chondroitin sulphate pathway were
upregulated in the CSC model. More degradation of branched-chain
amino acids (BCAAs) was identified in 3D and CSC models than in the
2D model. Other glycan degradation pathways increased, whereas one
carbon pool by folate decreased in both 3D and CSC. Our findings sug-
gest that the 3D osteosarcoma model shows weak anabolism and strong
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Fig. 2. Transcriptomic data showed that the gene expression of 3D culture HOS cells is different from 2D and CSC models. (A-B) KEGG enrichment analysis of
differentially expressed genes. The pathways of interest have been marked by red frames. The differential expression pathways could be roughly divided into three
categories: cell cycle-related pathways, cell metabolism-related pathways and cellular community-related pathways.

(A) (B)

20 csC 3D
CyclinA2 B3GAT3
CyclinB1
CyclinD1 CHPF
CyclinH o] CHSY1
CDK1 2
DSE
CDK2 g S
CDK4 &
CDK6 BCKDK
CDK7 ACADS
RB
BCKDHA
PCNA 2 BCAT1
MCM3 '% o SckTo
MCM4 8 s
MCM6 8
MAN2C1
MSHE PLOD3
MSH3 =
MSH6 o § HEXB
MLH1 3; 2
PMS2 7 sHMTY
EXO1
o SHMT2
-]
o
s g9 ™
ms
TYMS % g DHFR
DHFR -
o
-

Cell Cycle

(©

2 o 2D csc 3D
2w
259 CTNNB1
3&z
=53 >5
553 CTNND1
g >
£°3 SMAD3 g
g = g >2
@ 3
5 TGFBR1 >
&3 g >1
g a
ar ACP1 -1
g5 S
- ACTB CONTROL
83
i EGFR
[=Xe] <1
23
o 0 -
20 Cell Community
X <0.5
-~
S 3
o]
3 0.2
o o <.
7%
33
.9
o
e

Cell Metabolism

Fig. 3. Specific gene expression of HOS osteosarcoma cells for 2D monolayer, CSC and 3D bioprinted models. (A) Partial gene expression of cell cycle related
pathways, including cell cycle, DNA replication, mismatch repair and one carbon pool by folate. (B) Partial gene expression of cell metabolism related pathways,
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Partial genes expression related to adherens junction. Red or green blocks represent up-regulation or down-regulation of gene expression compared to 2D control
group. Colour depth represents fold change. All data are from n = 4 independent experiments.

catabolism, while CSC is almost the same as the 3D osteosarcoma model,
except for glycosaminoglycan biosynthesis.

Finally, we measured the gene expressions of the adherens junction
pathway (Fig. 3(C)). Osteosarcoma cells in 3D exhibited weaker adhe-
rens junction than those in 2D, as demonstrated in ovarian adenocar-
cinoma [29]. The cells in CSC showed moderate gene expression of
adherens junction in 2D and 3D. Together, these qPCR results confirm
weaker proliferation, adherens junction, and anabolism of osteosarcoma
cells but stronger catabolism in 3D culture than in 2D culture.

3.4. Osteosarcoma cells in 3D culture show different epigenetic regulation
compared to those in traditional in vitro models

We next carried out DNA methylomics analysis (Illumina Epitect
BeadChip 850K HumanMethylation Array) to determine epigenetic
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changes in 3D and conventional models. Similarly, the KEGG analyses of
differential methylation positions (DMPs) were conducted among 2D,
CSC, and 3D models (Fig. 4(A-B)). Valine, leucine, and isoleucine
degradation; autophagy; and adherens junction pathways were also
found in the top 30 enrichment pathways, suggesting that these path-
ways were changed significantly in 3D culture compared to 2D or CSC
and 3D culture modulates gene expression of these pathways through
epigenetic regulation.

To identify the pathways changed in both transcriptomics and DNA
methylomics, we performed multi-omics combined analysis in 3DBPO
models and traditional models. In 3D vs 2D groups, there were 348
DMPs and 9111 differentially expressed genes (DEGs); among them, 276
genes belong to both DMPs and DEGs (Fig. 4(C)). In 3D vs CSC groups,
there were 1688 DMPs and 8800 DEGs; among them, 616 genes belong
to both DMPs and DEGs (Fig. 4(D)). Subsequently, we conducted KEGG
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Fig. 4. 3D bioprinted osteosarcoma models (HOS) showed differential methylation positions in KEGG enrichment analysis compared with 2D (A) and CSC models
(B). The pathways of interest have been marked by red frames. Conjoint analysis of transcriptomics and DNA methylomics between 3D bioprinted osteosarcoma
models and traditional models (C-F). Venn diagram analysis identified overlapping target gene between differential methylation positions (DMPs) and differentially
expressed genes (DEGs), which found 276 genes in 3D vs 2D groups (C) and 616 genes in 3D vs CSC groups (D). KEGG enrichment analysis of overlapping genes in 3D

vs 2D groups (E) and 3D vs CSC groups (F).

enrichment analysis again for the genes that had been crossed (Fig. 4(E-
F)). The pathways had significant expression and methylation differ-
ences between 3D models and 2D or CSC models. Valine, leucine, and
isoleucine degradation; metabolic pathways; regulation of actin cyto-
skeleton; and focal adhesion were related to obviously changed path-
ways observed previously, including cell proliferation, metabolism, and
cellular community. Moreover, multi-omics combined analysis revealed
that autophagy-related genes were enriched in two groups, suggesting
increased autophagy levels. The results confirmed that expression dif-
ferences of these pathways are mediated by methylation regulation,
while other pathways, including proliferation-related pathways, may be
mediated by alternative mechanisms.

3.5. 3D bioprinted models are much more sensitive to chemotherapeutics
related to autophagy pathway

For chemotherapeutic drug screening studies, we firstly tested drug
permeability of three models by FITC (Fig. 1(D), Fig. S8). We found that
FITC could completely permeate both 2D and 3D models in 2 h, while
CSC models were only permeated around the perimeter, demonstrating
that drug permeability is better in 2D and 3D models than in the CSC
model.

Methotrexate (MTX) is a non-selective inhibitor of dihydrofolate
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reductase (DHFR), doxorubicin (DXR) is an inhibitor of DNA topo-
isomerase II, and cisplatin (DDP) is an inorganic platinum complex that
can inhibit DNA synthesis by forming DNA adducts in tumour cells. The
three drugs all interfere DNA synthesis and thus inhibit tumour prolif-
eration. Recent findings confirm the MAP (methotrexate, doxorubicin,
and cisplatin) regimen as the gold standard for osteosarcoma patients
[30]. Therefore, we tested the drug sensitivity of the three chemother-
apeutic drugs in our models. As shown in Fig. 5(A-C, I), 2D osteosarcoma
models showed better drug sensitivity than 3D models, probably due to
the different proliferation rate (Fig. 1(I)). The faster osteosarcomas
proliferate, the more sensitive they are to drugs that inhibit
proliferation.

Next, we focused on some novel targeted therapies. Erastin (ERA) is
an activator of ferroptosis. Ferroptosis together with other chemother-
apeutic drugs plays a synergistic role in boosting the growth suppression
of hypoxic osteosarcoma in vivo [31,32]. Sorafenib (SORA), a tyrosine
kinase inhibitor, was previously reported to inhibit growth, angiogen-
esis, and metastatic ability of osteosarcoma pre-clinical models via the
ERK1/2, MCL-1, and ERM pathways [1]. Apatinib (APAT), an inhibitor
of VEGFR, is used for relapsed and unresectable osteosarcoma after the
failure of first-line or second-line chemotherapy in a clinical trial
(NCT02711007) [2], and contributes to the clinical treatment of doxo-
rubicin [33]. By calculating the IC50, it was found that the efficacy of
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Fig. 5. Chemotherapeutic drugs cytotoxicity evaluation for three cell culture models (HOS). (A-H) Drug effect curves of eight clinical chemotherapeutics for os-
teosarcoma, including MTX (A), DXR (B), DDP (C), ERA (D), SORA (E), APAT (F), EVE (G) and CHQ (H). 2D models showed best sensitivity to MTX, DXR, DDP, ERA
and SORA than the other two models. CSC models showed best sensitivity to APAT than the other two models. 3D models showed best sensitivity to EVE and CHQ
than the other two models. Data are represented as mean =+ SD (n = 3). (I) Corresponding IC50 calculated from the above eight drug effect curves respectively. MTX

= methotrexate, DXR = doxorubicin, DDP = cisplatin, ERA = erastin, SORA = sorafenib, APAT = apatinib, EVE = everolimus, CHQ = chloroquine.

these three targeted drugs was similar in 2D and 3D models (Fig. 5(D-F,
D).

Everolimus (EVE) is an mTOR inhibitor targeting TSC2 and activates
autophagy, while chloroquine (CHQ) is an inhibitor of autophagy.
Generally speaking, autophagy removes damaged organelles, such as
mitochondria, and is a self-protection mechanism of cells. However,
since excessive autophagy has the potential to induce cell death, auto-
phagy inducers have also been considered potential cancer treatments
[34]. The analyses of the IC50 of EVE and CHQ showed that
autophagy-related drugs were more effective in 3D osteosarcoma
models than in 2D models (Fig. 5(G-I)). Moreover, 3D models were much
more sensitive to autophagy inhibitor CHQ than to autophagy activator
EVE. In addition, the pathways that are associated with the gold stan-
dard drugs or novel potential targeted drugs are all detected in the
multi-omics analysis mentioned above, indicating that multi-omics
analysis can be used for drug screening.

3.6. 3D-bioprinted osteosarcoma models manifest strong autophagy

Autophagy has been demonstrated to be the self-protection mecha-
nism of osteosarcoma, and autophagy inhibitor CHQ shows more sig-
nificant curative effect in 3D models than in 2D models. Therefore, we
further analysed the autophagy level in in vitro models after excluding
the influence of growth factors (Fig. S4(B)). RT-qPCR results showed
higher expression of autophagy-related genes in 3D models (HOS)
compared to 2D and CSC models (Fig. 6(A)). Similar results were found
in 143B and U2-OS cells (Fig. S9(A-B)). LC3 is the core protein of
autophagy. We used osteosarcoma tissue microarray to determine LC3
expression in clinical samples. By analysing the LC3 positive cells den-
sity in the samples of different stages, we found that LC3 expression level
was significantly increased in the osteosarcoma of stage IVB (p < 0.05)
(Fig. S10). According to the results of immunohistochemical analysis,
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the samples were then divided into two groups: high LC3 expression
(LC3-high) and low LC3 expression (LC3-low) (Fig. 6(B-C)). Patholog-
ical correlation analysis also revealed that LC3 expression significantly
correlated with the tumour stages (p < 0.05), suggesting high LC3
expression could increase the malignancy of osteosarcoma. The statis-
tical results and clinical data were listed in Table S2. In Fig. 6(D-F), a
panel of images obtained from immunofluorescence using anti-ULK1,
anti-TSC2 and anti-LC3 antibodies in three models is shown. ULK1 is
an activating kinase and a marker of autophagy, and TSC2 suppresses
the activation of mTORCI, thus inducing autophagy. Strong ULK1, TSC2
and LC3 expression levels were observed in 3D models, revealing more
autophagy in 3D models than in 2D and CSC models. Next, we used a
database in R2 platform, genome-wide gene expression analysis of high-
grade osteosarcoma, to compare the autophagy levels between 3D
models and in vivo study (Fig. 6(G-I)). We found that autophagy was
obviously related to survival, and the stronger the autophagy, the
shorter the lifetime. The autophagy level was distinctly high in 3D
models, but not in 2D and CSC models. Similar to in vivo findings,
autophagy had a great influence on survival in 3D models, suggesting
that the effect of autophagy on osteosarcoma is better reproduced in 3D
models. Furthermore, we found that osteosarcoma in 3D models was
particularly sensitive to CHQ, and the stronger the autophagy, the
shorter the lifetime; the findings suggest the important role of autophagy
in osteosarcoma. In conclusion, these findings confirm that our 3DBPO
models exhibited autophagy levels closer to those in vivo than did con-
ventional in vitro 2D and CSC models. Furthermore, the results obtained
using our 3DBPO models are also consistent with the clinical drug
screening results.

4. Discussion

Current pre-clinical cancer models, especially the widely employed
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2D models, show limited efficacy in reproducing tumour complexity
[35,36]. 3D-bioprinting is a revolutionary technology and an ideal
method to replicate the meticulous structure of tissues and the interre-
lationship between tumour cells and the ECM. However, to date, only a
few studies have employed 3D-bioprinting in cancer model research [13,
35,371, and few in vitro models have been confirmed by multi-omics
analysis to manifest the full range of gene expression. In addition, the
similarities and differences between these models and traditional
models remain unclear. Notably, 3D-bioprinting has not been applied to
in vitro osteosarcoma models. The main goal of this study was to fabri-
cate an in vitro osteosarcoma cell/ECM model that could serve as a
platform for fundamental and translational research and contribute to
novel therapeutic strategy discovery. We used the multi-omics analysis
methods to characterise the models at multiple levels and found that
inhibiting autophagy was an attractive strategy for the treatment of
osteosarcoma, a finding not demonstrated by traditional models. Our
present findings demonstrate the feasibility of 3D printed osteosarcoma
models and suggest that the combination of this model with multi-omics
analysis might help in the discovery of therapeutic targets.

Previous studies confirmed that 5% GelMA/1% HAMA hydrogel has
good printability and could be printed at a suitable resolution, with the
structure maintained after printing [14,26]. GelMA retains the RGD and
MMP degradation peptide sequences of gelatine, thus maintaining the
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ability to support cell adhesion, proliferation, and differentiation [28].
Hyaluronic acid (HA), a biopolymer with extraordinary biophysical
properties [38], is recognised as a major ECM component in different
tissues and exists in abundance in bone ECM [27,38-40]. The addition of
HAMA increases the printability of bioinks. Hence, GelMA and HAMA
are high-performing bioinks and suitable analogues of osteosarcoma
ECM. Appropriate UV exposure intensity for this hydrogel was found to
be 15 mW cm 2 [14]. Thus, crosslinking of GelMA/HAMA could be
performed with retention of cell viability. According to AFM measure-
ments, the value of apparent Young’s modulus in our 3D bioprinted
model was 50.5 + 1.0 kPa (Fig. 1(B-C)), which is equivalent to the
previous reported optimum matrix stiffness (50 kPa) for osteosarcoma
cell [41]. Summarily, we fabricated a bioactive 3D osteosarcoma
hydrogel scaffold, which could accurately model the interaction be-
tween osteosarcoma cells and ECM.

The HOS cell line (harbouring a TP53 mutation) used in the present
study has been widely applied in osteosarcoma phenotypic research [42,
43]. In this study, there were two control groups, 2D monolayer culture
model and tumour spheroids (i.e., CSCs). In the 2D model, HOS cells
were planted in normal culture dishes, and their phenotype would be
affected by the stiffness of culture dishes and the lack of ECM. Different
from the 2D model, the CSC model consists of the spontaneously
aggregated tumour spheroid by HOS cells induced by a variety of
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cytokines and nonadherent surface. Osteosarcoma cells restore the
self-renewal ability and microenvironmental features of in vivo human
tumour tissues during aggregation [44]. Meanwhile, the CSC model has
been used for more than 40 years in cancer research as an intermediate
between 2D monolayer cultures and in vivo studies [7]. Although the
CSC model is better able to simulate in vivo microenvironment than the
2D model, it shows lower throughput [45] and bad permeability [44]
compared with the 2D model. The 2D and CSC are classical in vitro
models and have been used to evaluate the bioprinted model. In the
research, the 2D and 3D bioprinted models were both cultured in DMEM
complete medium, while the CSC models were culture in DMEM/F12
medium supplemented with growth factors. According to the ATCC’s
protocol, HOS cell line could be also cultured in EMEM complete me-
dium. To exclude the effect of different medium, we investigated the
expression of some metabolic and autophagy marker genes when the 3D
models (HOS) were cultured in DMEM, DMEM/F12 or EMEM complete
medium (Fig. S11). The results showed that, autophagy levels were not
influenced by different medium. The expression of only a few metabolic
genes was affected, and the difference was small. Especially in the
comparison between DMEM and DMEM/F12, only the expression dif-
ference of CHPF and DHFR was significant. In conclusion, different
medium would not cause significant difference of metabolism and
autophagy levels.

In transcriptomics analysis, the different expression pathways are
divided into three categories, i.e. cell cycle-related, metabolism-related,
and cell community-related pathways. Mismatch repair occurs after
DNA replication and helps maintain DNA replication stability and con-
trol gene mutation. Folate is the carbon source of DNA. Since pathways
of DNA replication, mismatch repair, cell cycle and one carbon pool by
folate are all involved in the process of the cell cycle, we classified them
into cell cycle-related pathways (Fig. 3(A)). Moreover, since pathways of
glycosaminoglycan biosynthesis chondroitin sulphate, other glycan
degradation, valine leucine and isoleucine degradation, and one carbon
pool by folate are involved in glycan metabolism, BCAAs metabolism,
and folate metabolism, we classified them into cell metabolism-related
pathways (Fig. 3(B)). Adherens junction is involved in cell movement
and cell-cell and cell-ECM signal transduction and belongs to cell
community-related pathways (Fig. 3(C)). In this study, the genes
selected to be verified by qPCR were significantly regulated in RNA-seq
or characteristic genes of each pathway. Consistent with the CCK-8 assay
(Fig. 1(I1)), we found that expression levels of almost all of the genes of
cell cycle-related pathways were lower in the CSC and 3D models than in
2D models. This finding is similar to that in a previous study on clear cell
renal cell carcinoma [46]. As for metabolism-related pathways, 3D
models showed weak anabolism and strong catabolism, and the CSC
model was almost the same as the 3D model, except for glycosamino-
glycan biosynthesis, confirming that spatial structure has a great influ-
ence on cell metabolism. Consistently, Rodriguez-Enriquez S et al.
obtained the same results in tumour spheroids [47]. Glycosaminoglycan
(GAG) is responsible for mediating the processes of cell attachment and
growth factor signalling [48]. The 3D model showed down-regulated
GAG synthesis, consistent with its weak cell proliferation and adhe-
rens junction. A reasonable explanation is that inhibition of GAG syn-
thesis disrupts osteosarcoma cell proliferation, consistent with the
disruption of communication between the ECM and the actin cytoskel-
eton [48]. However, the CSC model showed weak cell proliferation but
upregulated GAG synthesis, probably owing to its stem cell-like char-
acteristic. BCAAs are the source of energy and promote tumour devel-
opment and progression. BCKDH and ACADS are the promoters of BCAA
catabolism, while BCKDK, BCAT1, and BCAT2 are the suppressors of
BCAA catabolism. CSC and 3D models showed more degradation of
BCAAs than 2D models; the finding also explains the weak proliferation
in CSC and 3D models. In the pathway of one carbon pool by folate,
SHMT, TYMS, and DHFR participate in the nuclear de novo dTMP syn-
thesis pathway [49]; thus, CSC and 3D models might show weak dTMP
anabolism. Indeed, we found that osteosarcoma cells in 3D printing
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models exhibited weaker adherens junction than those in 2D or CSC
cultures. Notably, some studies suggest that adhesion protein expression
is positively correlated with the malignancy degree of sarcoma [50],
while the opposite perspective prevails in epithelial tumours [51-53].

DNA methylomics analysis can investigate gene expression differ-
ence in DNA level and explain transcriptomics variety upstream.
Generally, methylation of the promoter region will lead to down-
regulation of the gene. We combined the DEGs of transcriptomics and
DMPs of methylomics, determined the intersection, and performed
KEGG enrichment analysis (Fig. 4(C-F)). We found that autophagy was
enriched based on both transcriptomics and methylomics using KEGG
analyses but not GSEA (Fig. S5). The reason might be the algorithm of
GSEA, which distinguished the genes changed in opposite trends. In
addition, EGFR, MAPK and AMPK signalling pathway may be potential
therapeutic targets.

Autophagy is generally recognised as a self-protection mechanism of
cells because of its ability to remove damaged organelles and proteins
[54-56]. Meanwhile, it promotes chemotherapy resistance and tumour
survival [57]. However, excessive autophagy would induce cell death
[34]. Therefore, both activators and inhibitors of autophagy are avail-
able in osteosarcoma treatment. In the present study, we found that
CHQ, an inhibitor of autophagy, was more effective than EVE, an acti-
vator of autophagy (Fig. 5(G-H)). The result may relate to EVE behaved
well in pre-clinical research [58], while a phase 2 clinical trial showed
that 45% of patients were free from progression at 6 months, which is
less than the prespecified threshold of a phase 3 trial [59]. Through
analysis (drug screening, osteosarcoma tissue arrays, immunofluores-
cence, and delving into databases), we verified that autophagy promotes
osteosarcoma development, and 3D bioprinted models could accurately
mimic the autophagy level in vivo (Figs. 5 and 6). Indeed, the current
therapy for osteosarcoma usually combines CHQ with other chemo-
therapy drugs, such as rapamycin [60], cisplatin [61], PD-L1 inhibitor
[62], and paclitaxel [56], and its feasibility can be demonstrated using
our 3DBPO models.

This study had some limitations. Firstly, the major findings from the
in vitro 3DBPO model need to be verified furtherly in animal model.
Besides, the broad conjoint analysis used in this study did not distinguish
between the genes of upregulated and downregulated methylation. An
improved analysis could perhaps be afforded if upregulated methylation
positions are combined with downregulated expression genes. In addi-
tion, because the microenvironment of osteosarcoma involves other el-
ements, such as endothelial cells, immune cells and stromal cells, the
current 3DBPO models could not fully replicate TME. Nevertheless, this
study highlights research directions that should be investigated in the
future. We plan to coculture osteosarcoma cells with other cells, add
other bone matrix components into our system, and build more
complicated structures, such as bio-mimetic blood vessels and osteo-
sarcoma organoids.

5. Conclusions

In this study, 3D osteosarcoma models containing osteosarcoma cells
and a shrouding ECM analogue were bioprinted successfully. Using the
3D models, we revealed the importance of autophagy in osteosarcoma.
Multi-omics analysis demonstrated differential effects of chemotherapy
drugs among different models. Moreover, we found that CHQ, an in-
hibitor of autophagy, worked well in 3D models. The findings suggest
that 3D printed osteosarcoma models can be applied for fundamental
and translational osteosarcoma research, and may contribute to novel
therapeutic strategy discovery.
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