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Transcriptional landscape of the interaction 
of human Mesenchymal Stem Cells 
with Glioblastoma in bioprinted co-cultures
Lisa Oliver1,2, Yuna Landais1,6, Catherine Gratas1,2, Pierre‑François Cartron1,3, François Paris1,3, 
Dominique Heymann3,4, François M. Vallette1,3*   and Aurelien Serandour5* 

Abstract 

Background The interaction between mesenchymal stem cells (MSC) and Glioblastoma (GBM), although potentially 
of the highest importance, is ill‑understood. This is due, in part, to the lack of relevant experimental models. The simi‑
larity between the in vitro situations and the in vivo situation can be improved by 3D co‑culture as it reproduces key 
cell–cell interactions between the tumor microenvironment (TME) and cancer cells.

Methods MSC Can acquired characteristics of cancer associated fibroblasts (CAF) by being cultured with condi‑
tioned medium from GBM cultures and thus are called  MSCCAF. We co Cultured  MSCCAF with patient derived GBM 
in a scaffold 3D bioprinted model. We studied the response to current GBM therapy (e.g. Temozolomide + /Radiation) 
on the co cultures by bulk transcriptomic (RNA Seq) and epigenetic (ATAC Seq) analyses

Results The transcriptomic modifications induced by standard GBM treatment in bioprinted scaffolds of mono‑ 
or co‑cultures of GBM ± MSC can be analyzed. We found that mitochondrial encoded OXPHOS genes are overex‑
pressed under these conditions and are modified by both co‑culture and treatment (chemotherapy ± radiation). 
We have identified two new markers of MSC/GBM interactions, one epigenetically regulated (i.e. TREM‑1) associated 
with an increased overall survival in GBM patients and another implicated in post‑transcriptional regulation (i.e. 
the long non‑coding RNA, miR3681HG), which is associated with a reduced overall survival in GBM patients.

Keywords Mesenchymal stromal/stem cell, Co‑culture, 3D tumor model, Bioprinting, Response to treatment, 
Glioblastoma

Introduction
Glioblastoma (GBM) is the predominant primary can-
cer in human adults with a median survival following 
diagnosis of 12 to 15 months, with less than 10% of peo-
ple surviving longer than five years [1]. The most cur-
rent common treatment for GBM is a combination of 
complete (when possible) surgical resection, followed 
by radiotherapy and concomitant chemotherapy with 
the alkylating agent Temozolomide (TMZ) [2]. GBM 
are extremely heterogeneous and exhibit a very com-
plex tumor microenvironment (TME), which render 
these tumors difficult to treat [3]. Today the main axis 
of research emphasizes on new therapies that are more 
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“patient-specific” and which take into account a predic-
tion on the mechanisms of resistance [4]. One way to 
achieve this goal is to use accurate in vitro tests that allow 
drug or innovative treatment screening on a personalized 
basis [5]. Among the cells present in the GBM microen-
vironment are the mesenchymal stem cells (MSC), the 
origins of which are ill-defined [6, 7]. Of note, the pres-
ence of MSC has been correlated with the survival of the 
patients [8]. However, so far, no clear mechanisms have 
been established to explain both the tropism and the 
mechanism(s) of action of MSC in GBM [9]. We have 
recently shown, in three-dimensional (3D) co-cultures, 
that the influences of MSC on GBM are multiple and 
involve both molecule and organelle transfers through 
connecting structures such as tunneling nanotubes 
(TNT) [10] and extracellular vesicles (EV) [11]. Strik-
ingly, the co-culture of MSC and GBM affect both cel-
lular types as, for example, it allows MSC to acquire a 
cancer-associated fibroblast (CAF) phenotype and prop-
erties that are specific for each GBM [12].

The current paradigm of in  vitro studies is currently 
shifting from the classical two-dimensional (2D) to 
3D-cultures. 3D-cultures can be developed with or 
without a scaffold. Scaffold-based 3D-cultures can use 
solid scaffold or hydrogels derived from extracellular 
matrix, proteins, polymer and many other materials. It 
is expected that 3D-cultures could influence the nature 
and the extent of the results obtained in cancer studies 
and could replace animal studies. 3D-cultures appear 
to effectively address many of the limitations com-
monly encountered in 2D-cultures and to mirror more 
closely the patient tumors [13]. Specifically, 3D-cultures 
reproduce key structural mechanical constraints that in 
turn can modify tumor growth kinetics or resistance to 
treatments [14]. However, one has to keep in mind that 
the most relevant 3D cancer model has certainly to be 
selected for each type of cancer studied and for its spe-
cific purpose [14, 15]. One key feature of 3D-culture is a 
more accurate reproduction than 2D system of cell–cell 
interactions and the molecular mechanisms involved (e.g. 
differentiation, proliferation, vitality, gene expression, 
responsiveness to stimuli and drug metabolism). Numer-
ous organoid/tumoroid models have been published so 
far and the introduction of scaffolds in the culture seems 
to provide a simpler, safer and more reliable approach for 
cancer research [5]. Using the scaffold technique, cells 
can be cultured in a variety of culturing tools including 
animal extracellular matrix extract that could amplify the 
similarity the in vivo conditions.

We have developed over the recent years a simple scaf-
fold-free method for 3D co-cultures using primary GBM 
cells derived from patients with human MSC derived 
from healthy donor to mimic the interactions of TME 

cells with cancer cells [10, 12]. However, this model 
lacked some important tumor features such as the rigid-
ity or stiffness of the tissue of origin. The utilization of 
in vitro techniques using scaffold mimicking cancer cell 
interaction with non-tumor cells present in the TME and 
the extracellular matrix (ECM) are increasing the com-
prehension of molecular and cellular interactions con-
trolling cancer progression. In particular, these models 
have enabled researchers to understand the influence of 
ECM on the invasive nature of tumors but there are less 
studies on the cellular interactions in GBM [16, 17]. The 
use of 3D bioprinting techniques offers several advan-
tages for this project. This approach allows the recrea-
tion of realistic 3D models, faithfully reproducing tissue 
structures and cellular interactions. In addition, it offers 
precise control of experimental conditions, favoring the 
reproduction of physiological environments relevant for 
the study of interactions between GBM and CAF [13].

Here, we used a bioprinting device (INKREDIBLE™ 
from Cellink) to recreate GBM environment and then 
analyze the transcriptomes of tumoroids after the con-
ventional Stupp treatment: a combination of chemother-
apy (TMZ) and ionizing radiation (IR) [2].

Materials and Methods
Materials
Unless stated otherwise, all cell culture material was 
obtained from Life Technologies (Cergy Pontoise, France) 
and chemicals were from Sigma-Aldrich (St. Louis, MO, 
USA).

Methods
Cell Culture
After informed consent, tumor samples classified as 
GBM, based on the World Health Organization criteria, 
were obtained from patients undergoing surgical inter-
vention at the Department of Neurosurgery at “Centre 
Hospitalier Universitaire de Nantes” and the “Tumor-
othèque IRCNA” as stated in Salaud et al. [10]. Within 4 
h after surgical removal, patient-derived cells were recu-
perated after mechanical dissociation, as described ear-
lier [10]. All procedures involving human participants 
were in accordance with the ethical standards of the ethic 
national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable 
ethical standards. Primary GBM cells were cultured in 
defined medium (DMEM/F12 supplemented with 2 mM 
L-glutamine, N2 and B27 supplement, 2 μg/mL heparin, 
40 ng/mL EGF, 40 ng/mL bFGF, 100 U/mL penicillin, and 
100 μg/mL streptomycin). The medium was changed by 
the removal of about 70% every 2–3 days. All the experi-
ments with primary GBM cells were performed at early 
passages.
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MSC were obtained from the “Tumorothèque IRCNA” 
and cultured in MEMα containing ribonucleosides and 
deoxyribonucleosides supplemented with 20% heat-
inactivated foetal calf serum, 5 ng/mL bFGF, 100 U/mL 
penicillin, and 100 μg/mL streptomycin as previously 
described [18]. To prepare  MSCCAF: MSC were cultured 
in conditioned medium obtained from GBM cultures 
and defined medium at a ratio of 30:70 for at least 7 days 
before use.  MSCCAF were characterized as described ear-
lier [10–12]. Cells were cultured in an incubator at 37°C, 
5%  CO2 and 95% humidity and tested for mycoplasma 
regularly.

Scaffold Formation
50 µL cell suspension (3 ×  107 GBM ± 1.6 ×  106  MSCCAF) 
were re-suspended in 3 mL bioink and then bioprinted 
using the Inkredible™ (Cellink, Gothenburg, Sweden) 
into 12-well plates (Fig. 1A). Cellink bioink is composed 
of non-animal derived polysaccharide components only, 
including alginate and highly hydrated cellulose nanofi-
brils (www. celli nk. com). The scaffolds were incubated in 
200 µL 100 mM  Ca2Cl for 3 min at room temperature and 
then incubated in 1 mL defined medium (DM) for 30 min 
at 37°C after which the medium was replaced by 1,5 mL 

fresh medium. The culture medium was replaced every 
2–3 days over the time of the experiment. Once tumor-
oid formation was confirmed, the scaffolds were treated 
with 50 µM TMZ with or without γ-irradiation using a 
Faxitron CP160 irradiator (Faxitron X-ray Corporation, 
Villepinte, France) at a dose rate of 1.48 Gy/minute.

FACS analysis, immunocytochemistry 
and immunohistochemistry
Biospheres were dissociated manually; cells were recu-
perated and washed then incubated 30 min with the pri-
mary antibody CD133-APC, CD44-APC, CD10-BV420 
or CD90-PE. Data acquisition was performed on a FACS 
CANTO II (Becton Dickinson) and analyzed using the 
FlowLogic software. Cell cycle status analyses were per-
formed by FACS using a kit from ThermoFisher Scientific 
(France) according to the manufacturer’s instructions 
(www. therm ofish er. com).

For immunocytochemistry, biospheres were fixed with 
4% paraformaldehyde for 1  h then permeabilized with 
0.1% Triton X-100 for 30 min saturated with 5% BSA and 
then incubated with rabbit anti-human nestin (Protein-
tech, Rosemont, IL, USA) and mouse anti-human anti-
GFAP (Proteintech). Secondary antibodies coupled to 

Fig. 1 Bioprinting of MSC and GBM primary cells: morphological aspects A) Schematic illustration of bioprinting of scaffold. B) Bioprinted scaffold 
with (a) confocal image of tumoroid structure in scaffold and (b) labeling of tumoroid with antibodies directed against GFAP (green), nestin (red) 
and nuclei (blue). C) Use of transwell to analyze the migration of MSC toward GBM in the presence of defined medium (DM) or conditioned 
medium (CM) obtained from 72 h GBM cultures. Images were taken 4 h later. D) Migration of  MSCCAF towards tumor cells in scaffold, beginning 
of tumoroid formation in scaffolds

http://www.cellink.com
http://www.thermofisher.com
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Alexafluor-488 or -568 was added and then the sections 
were analyzed under a confocal microscope (Nikon A1 
Rsi, MicroPicell Facility). Confocal image was acquired 
with confocal microscope Nikon A1 (Champigny sur 
Marne, France) with × 20 apo objective N.A. 0.75. Image 
shows a maximum intensity projection of an acquisition 
of a mosaic 5 × 4 fields with 29 z-steps. Tumoroid images 
were obtained using a Zeiss microscope (Axio Observer 
and ZEN 2 program, Axio Oberver, Carl Zeiss, Rueil 
Malmaison, France).

RNA‑seq (Active Motif)
Cells were harvested, cryopreserved and sent to Active 
Motif ® (https:// www. activ emotif. com) where RNA-seq 
were performed: RNA extraction,  polyA+ RNA enrich-
ment, directional library generation, QC of NGS library 
and next-generation sequencing using the Illumina 
platform.

Assay for Transposase‑Accessible Chromatin 
with High‑Throughput Sequencing (ATAC‑seq) (Active 
Motif)
Cells were harvested, cryopreserved and sent to Active 
Motif® (https:// www. activ emotif. com/) where ATAC-seq 
were performed following the protocols from Buenros-
tro et al. 2013 [19] and Corces et al. 2017 [20]. The RNA-
seq/ATAC-seq data are available in European Nucleotide 
Archive with the accession number PRJEB76177.

Statistics
Data were analyzed and statistical analyses were per-
formed using GraphPad Prism 7.00 (GraphPad Software, 
San Diego, CA, USA).

Patients
The local ethics committee (GNEDS: Groupe Nantais 
d’Ethique dans le Domaine de la Santé) approved the col-
lection and use of these data (approval on Dossier 06/15 
on 8 April 2015). Written informed consent was obtained 
for all patients included in this study.

Results
Bioprinting of patient‑derived GBM with MSC from healthy 
donor
Bioprinted cell co-cultures derived from GBM and 
 MSCCAF were performed as described in Materials and 
Methods and presented diagrammatically in Fig.  1A. 
Tumoroid formation was determined at the end of cul-
tures since the complexity of tumoroid formation was 
not possible due to the thickness of the scaffold and the 
opaqueness of the matrix (Fig.  1B). Note that the het-
erogeneous composition of tumoroids is depicted by 
the presence of nestin (marker of stem cells) and GFAP 

(marker of astrocytes) (Fig.  1B) Experiments were per-
formed to validate the attraction of MSC to GBM cells; 
MSC were plated in transwell with a membrane pore of 
8  µm then inserted into wells containing either DM or 
GBM-conditioned medium (CM). Four hours later the 
percentage MSC migrated through the membrane were 
determined. Data presented in Fig.  1C show that about 
40% of the MSC exposed to CM traversed the mem-
brane compared to almost none in the wells containing 
DM. MSC exposed to CM acquired some CAF charac-
teristics to become  MSCCAF as described earlier [10–12]. 
Since it is difficult to observe 3D tumoroid formation in 
scaffolds, experiments were performed placing  MSCCAF 
and GBM cells in different areas in the scaffold and then 
analyzing the interaction(s) between the cells. As can be 
seen in Fig. 1D, in co-culture scaffolds,  MSCCAF migrated 
towards GBM cells. We did not observe the opposite, i.e. 
migration of GBM cells toward  MSCCAF.

Effect of MSC on GBM proliferation and response 
to treatment with TMZ and/or IR
After the apparition of tumoroid formation, GBM mono-
culture (Gb) and GBM +  MSCCAF co-culture (GbT) were 
treated (or not, control) with TMZ (50  µg/mL), radia-
tion (2 Gy) or both. The effects of  MSCCAF on the GBM 
response to treatment indicated a differential sensitiv-
ity toward both TMZ and/or IR (Fig. 2A). As previously 
reported [10, 12], co-culture with MSC induced a better 
protection to the treatments for GbT compared to Gb. Of 
note, analyses of MSC markers (CD90, CD10) indicated 
that  MSCCAF were no longer present in the scaffolds at 
the time of the analysis (Fig. 2B) as previously described 
in another 3D model [12].

Next, we analyzed cell proliferation using the diameters 
distribution of spheroids as described before [10, 12]. As 
shown in Fig. 2C, GbT spheroids exhibited larger diame-
ters, reflecting an increase in cell numbers. Cell cycle sta-
tus analyses indicated only minor differences between Gb 
and GbT but a more differential response toward treat-
ments, which affected cell cycle more in Gb than in GbT 
(Fig. 2 D, E).

Effect of co‑culture and treatments on the GBM 
transcriptomic landscapes
Only cancer cells transcriptomes were expected to be 
present in the samples used for RNA-seq as  MSCCAF 
antigens were not found in control and treated Gb or 
GbT (Fig.  2B). This implied that transcriptomics analy-
ses will reveal only cancer cells alterations. For transcrip-
tomic analyses of tumoroids, cells were retrieved from 
the scaffolds by incubation with 100 mM Na-citrate.

From the analyses of count data from RNA-seq, we 
used DESeq2 R package to determine differentially 

https://www.activemotif.com
https://www.activemotif.com/
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expressed genes in pairwise comparison under the fol-
lowing conditions:

1. GbT (GBM +  MSCCAF tumoroid): vs. TMZ-GbT 
(50 µM TMZ treated GbT).
2. GbT vs. IR-GbT (2 Gy radiated GbT).
3. GbT vs. TMZ/IR-GbT (50 µM TMZ + 2 Gy treated 
GbT).
4. Gb (GBM tumoroid) vs. TMZ-Gb (50 µM TMZ 
treated Gb).
5. Gb vs. IR-Gb (2 Gy radiated Gb).
6. Gb vs. TMZ/IR-Gb (50 µM TMZ + 2 Gy radiated 
Gb).
7. Gb vs. GbT.
8. TMZ-Gb vs. TMZ-GbT.
9. IR-Gb vs. IR-GbT.
10. TMZ/IR-Gb vs. TMZ/IR-GbT.

The filter condition was a p-value with a cut-off of 
0.1 or a shrunken log-fold change of 0.3. Genes meet-
ing the screening criteria were defined as up-regulated 
differential gene when the log fold change was posi-
tive and down-regulated with a negative log change. 
As illustrated in Fig.  3A, the ration of genes up- or 

down-regulated was similar under all condition but 
with different amplitude in gene numbers. TMZ was a 
more powerful inducer of differential gene expression 
than IR. Interestingly, the radiation of Gb at 2 Gy (Gb 
vs. IR-Gb) did not significantly alter the transcriptomes 
while it was more effective on GbT. Principle compo-
nent (PC) analysis showed preferential clustering of 
Gb vs. GbT and a minor impact of 2 Gy on the tran-
scriptome (Fig. 3B). As illustrated in Fig. 3C, the over-
all gene counts were increased in GbT compared to Gb 
and this mainly in TMZ-treated samples. In the lat-
ter case, it appears that in the top 10 genes expressed, 
9 were mitochondrial DNA encoded (ND4, COX1, 
COX2, COX3, ATP6, CYB, NRN2, ND2, ND1) and one 
was an actin isoform (ACTB) (Fig. 3C insert). The cel-
lular heterogeneity of GBM has been shown to affect 
its response to treatments and to promote a change in 
tumor phenotype/subtype [21]. We analyzed the main 
markers of classical, proneural and mesenchymal GBM 
subtypes [22, 23] in treated or untreated Gb and GbT. 
Of note, in this study the cultures were derived from 
a GBM characterized as mesenchymal subtype [24]. 
However, neither the co-culture with  MSCCAF(GbT) 

Fig. 2 Proliferation, survival upon TMZ ± IR of bioprinted MSC/GBM A) Cells extracted from scaffold treated with TMZ ± 2 Gy (IR) for the period 
of times indicated were grown under 3D conditions as described earlier [12]. Cells were collected 96 h after treatment (up to Day24 for co‑cultures 
and Day17 for mono‑cultures). Photos of cells in culture after 30 days post‑treatment, which were used for RNA sequencing as described 
in materials and methods. B) MSC and GBM cell markers analyzed by FACS as described in Materials and Methods [10]. C) Cell proliferation 
was measured using diameters of the spheroids at the different times indicated in monoculture of GBM (Gb) and in co‑cultures MSC/GBM (GbT). 
Cell cycle status analyzed by FACs as described in Materials and methods to determine the proportion of cells in the different cell cycle phases 
in untreated or treated Gb (D) and GbT (E)



Page 6 of 13Oliver et al. Stem Cell Research & Therapy          (2024) 15:424 

nor the different treatments (TMZ, IR or TMZ + IR) 
affected the mesenchymal subtype classification of the 
tumor and/or promoted the emergence of a different 
GBM subtype (Figure S1). The analysis the expres-
sion of the most expressed genes between Gb and GbT 
(Table  S1) using the PANTHER GO software showed 
that the main molecular functions represented in the 
top expressed genes belonged to several molecular 
pathways that were implicated into different biological 
functions; the majority of which were not categorized 
(Fig.  3D). Heatmaps of the top 900 signature genes 
under the different conditions confirmed that TMZ 
treatment induced a significant change in the differ-
ential gene hierarchical signature in Gb (Fig.  3E). On 
the other hand, radiation did not drastically affect the 
top gene signature (Fig.  3E). However, the transcrip-
tomic landscape in TMZ-Gb appeared to be modi-
fied by radiation (compare TMZ-Gb vs. TMZ/IR-Gb). 
In GbT, again TMZ seemed to have the most effective 
consequence on gene expression while the combination 
of TMZ + IR promoted a unique signature. Of note, IR 
alone seem to induced a moderate change in the tran-
scriptome in GbT (Fig. 3E). The presence of  MSCCAF in 
the co-cultures appeared to strongly modify the tran-
scriptomic arrays of TMZ-treated or IR-treated GBM 

but to a lesser degree that of the combined TMZ + IR- 
treated GBM (Fig. 3E).

Difference Analysis of top genes differentially expressed 
upon treatments in Gb and GbT
From the top 915 overexpressed genes, we extracted the 
20 top over-expressed or top under-expressed genes. 
Figure 4A showed that these top differentially expressed 
genes belonged to multiple pathways with, nonetheless, 
an over-representation of mitochondrial genes belong-
ing to several oxidative phosphorylation complexes (i.e. 
ATP8/Complex V, ND4L, ND5/complex I) were down-
regulated in GbT while other mitochondrial genes were 
up-regulated (i.e. GLDC and MRPL33) (Fig. 4B). Of note, 
the effect of the treatments on the expression of these 
top differential expressed genes appeared to be less pro-
nounced in monoculture (Gb) than in co-culture (GbT) 
(Fig. 4B, C). To obtain a better insight into the phenotype 
differences between Gb and GbT, we used Gene Ontol-
ogy analysis, to further investigate pathways that could 
be potentially affected by the different treatments. Gene 
set enrichment analysis (GSEA) was performed on the 
input gene obtained by RNA-seq with a false discovery 
response (FDR) set at less than 5%. As shown in Fig. 4D, 
enrichment plot showed a few significant enrichments 
between Gb and GbT, with a positive association with 

Fig. 3 Gene expression upon co‑culture of MSC/GBM and therapeutic‑like treatments A) Number of up‑ and down‑regulated genes per pairwise 
comparison under the different conditions. B) Low dimensional embedding by Principal Components Analyses (PCA) of all samples. C) 
Representation of genes expression (identified and quantified by RNA‑seq) in treated or untreated Gb and GbT with a Treemap representation 
of the most expressed gens (insert). D) Panther Gene ontology analysis of top expressed 915 genes. E) Heatmap of the top 915 expressed genes 
in treated or untreated Gb and GbT (clustering method: centroid ranking and distance measurement method, Spearman rank correlation)



Page 7 of 13Oliver et al. Stem Cell Research & Therapy          (2024) 15:424  

the “odorant binding complex” and a negative association 
with the production of immunoglobulins and the T cell 
receptor complex. A list of genes can be found in Fig. 4E. 
Of note, when the top positively or negatively regulated 
gene counts were analyzed (Fig.  4E), most of the genes 
appeared to exhibit counts too low to be taken into con-
sideration with the exception of STOML2, a mitochon-
drial protein associated with T-cell activation as shown 
by Kirchof et al. [29], TRAC (T-cell Receptor Alpha Con-
stant) and, to a lesser extent, TRDC (T Cell Receptor 
Delta Constant) and ALCAM (Activated Leukocyte Cell 
Adhesion Molecule), all members of the immunoglobulin 
receptor family. These results suggest that the co-culture 
of  MSCCAF with GBM impacts the response to chemo-
therapy mostly by modulating the expression of immuno-
logical receptors and mitochondrial functions. The role 
of odorant binding genes needs to be further evaluated 
although OBP2A has been implicated in cancer progres-
sion mainly based on RNA-seq data [30].

Impact of co‑cultures on key GBM features and miRNA 
genes.
Cancer stem cells are thought to be the cornerstone of 
both the growth and resistance to therapy in GBM [25]. 
Analyses of stemness markers [26, 27] showed that the 
most common markers were unaffected by co-culture 

and/or treatment with the exception of Sox-2, which 
was slightly increased in treated GbT while nestin was 
decreased under the same conditions (Fig. 5A). Of note, 
both the GbT and IR-GbT showed an increased expres-
sion of L1-CAM, a neural adhesion molecule, which has 
been implicated in GBM growth and migration [28]. 
Taken together our results suggest that the co-culture 
of GBM with  MSCCAF profoundly modify the transcrip-
tomic landscape of the tumor but did not affect the 
molecular subtype although it impacted moderately the 
cancer stem cells profile. However, it is coherent with 
the fact that the treatments (TMZ ± IR) increased some 
cancer stem cells and mesenchymal subtypes markers. 
GBM are characterized by extensive angiogenesis, which 
requires the coordinated expression of genes with mul-
tiple families such as growth factors, metalloproteases, 
matrix components [31]. We used gene counts data to 
analyze the expression of angiogenesis related key genes 
in our co-cultures. As illustrated in Fig. 5B, VEGFA and 
VEGFB were highly expressed under our conditions and 
VEGFA appeared to be upregulated by treatment in both 
Gb and GbT. Similarly, the metalloproteases MMP2 and 
MMP14 and their cognate inhibitors TIMP2 and TIMP3 
were also overexpressed and differently affected by the 
treatments in Gb and GbT. Of note, we found that col-
lagen type 6 (both isoform COL6A1 and COL6A2) was 

Fig. 4 Top gene expression in GBM mono‑ and co‑culture with MSC A) Heatmap of the top 20 over‑ or 20 down‑expressed genes in Gb vs. GbT. 
B) Gene counts of top genes over‑ or under‑expressed in Gb vs. GbT under treated or untreated conditions. C) Heatmap of the top differentiated 
genes in untreated or treated Gb or GbT (clustering method: centroid ranking and distance measurement method, Spearman rank correlation). D) 
GSEA representation for the significantly up‑regulated or down‑regulated pathways for Gene Ontology database in the comparison of Gb and GbT. 
E) Histograms of gene counts of GSEA positively or negatively regulated between Gb and GbT
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overexpressed in Gb and GbT with a higher level of 
expression in GbT (Fig. 5B). Heatmap of the genes listed 
in Fig.  5B, showed that GbT exhibited, as expected, an 
invasion/angiogenesis profile different from Gb and that 
treatment (especially IR) acutely affected the expression 
of the implicated genes (Fig. 5C).

Recently, it has been shown that non-coding genes 
such as miRNA play an important role in the regulation 
of angiogenesis and other major characteristics of GBM 
[32, 33]. We examined the expression of miRNA-host 
genes under our conditions and as illustrated in Fig. 5D, 
few miRNA were significantly expressed. It should be 
noted that due to the RNA sequencing process, we did 
not have access to small miRNAs. However, miR3681HG, 
which belongs to the lncRNA class, appeared to be dif-
ferentially expressed in Gb vs. GbT. The expression of 
miR3681HG is associated with a longer survival of GBM 
patients (Fig. 5E), which suggests an effect on GBM pro-
gression in clinical situations.

Chromatin remodeling in Gb and GbT
GBM are characterized by chromatin remodeling during 
its evolution under treatments [34, 35]. We performed 
genome-wide profiling of open chromatin by ATAC-seq 
(Assay for Transposase-Accessible Chromatin with high 
throughput  sequencing). Average ATAC-seq signal at 

Merged Regions (= all peak regions), transcription start 
sites (TSS) and gene bodies were plotted. ATAC-seq data 
were also presented as Heatmaps in which the data are 
clustered (indicated by C1-C5). This analysis was com-
pleted with RNA-seq analysis to find the significant dif-
ferences between treated and untreated Gb and GbT 
with the expectation that co-culture and/or TMZ could 
modify chromatin accessibility, which in turn, could 
result in the differential expressed of specific genes. As 
shown in Fig.  6A, very little differences were observed 
between chromatin accessibility in Gb or GbT control 
or treated with TMZ. PCA of TMZ-treated or untreated 
Gb or GbT indicated no clear clustering between Gb and 
GbT (Fig. 6B). We completed this study by analyzing the 
gene counts of the key epigenetic actors. As illustrated in 
Fig. 6C, the main differences between Gb and GbT was 
an increase in MBD2 and a decrease in KDM5C; 2 fac-
tors that are implicated in poor prognosis in GBM [36, 
37]. For both enzymes, gene expression was not drasti-
cally altered by TMZ and/or IR (Fig. 6C).

RNA-seq indicated several significant changes due to 
chromatin remodeling induced by the co-culture of GBM 
with  MSCCAF, GNAL1 expression was reduced in Gb 
vs. GbT while that of NRXN1 was increased (Table  1). 
Of note, the regulation of GALN1 that encodes for the 
stimulatory G protein alpha subunit, which mediates 

Fig. 5 Expression of cancer stem cells, angiogenesis related genes and miRNAHG in Gb and GbT A) Histograms of the GBM cancer stem cells 
marker genes in untreated or treated Gb and GbT (clustering method: centroid ranking and distance measurement method, Spearman rank 
correlation). B) Gene counts of angiogenesis‑related genes expressed in untreated or treated Gb and GbT. C) Heatmap of the previous angiogenesis 
listed genes in untreated or treated Gb and GbT (clustering method: centroid ranking and distance measurement method, Spearman rank 
correlation). D) Gene counts of top miRNA host genes expressed in Gb and GbT. E) TCGA glioblastoma database analysis (23) on the influence 
of the expression of miR3681HG on GBM patient overall survival
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odorant signaling, is in agreement with the GSEA anal-
yses illustrated in Fig.  4D. NRXN1, which is mainly 
expressed in the vertebrate nervous system and acts as 
a cell adhesion molecule and receptor, has no identified 
function in GBM. TMZ treatment had a drastic effect on 
chromatin remodeling differential gene expression with 
several genes, belonging to a wide spectrum of cellular 
functions, affected in GbT (Fig. 7A). On the other hand, 
only two genes were affected by TMZ treatment in Gb; 
TNFRSF-11 (TNF receptor superfamily member 11b) 
and TREM-1 (Triggering receptor expressed on myeloid 
cells 1). TNFRSF-11 is also known as osteoprotogerin 
and inhibits TRAIL (TNF-related apoptosis-inducing 
ligand) induced apoptosis in both normal and tumor 
cells [38]. TREM-1 is a member of the immunoglobu-
lin superfamily transmembrane protein, which has been 
associated with enhanced tumor grade and poor patient 
outcome in numerous types of cancers including GBM 
[39]. Bioportal analysis indicates that TREM-1 expression 
in GBM is associated with shorter survival (Fig. 7B). Of 
note, the expression of TREM-1 appears to be the most 
epigenetically-regulated gene in both Gb and GbT after 
TMZ treatment (Fig.  7C). The TREM-1 signaling path-
way is associated with inflammatory cancers and is an 

amplifier of immune responses [40]. The expression level 
of TREM-1 has been shown to be significantly increased 
in GBM [41] and interacted mostly with a soluble ligand 
to activate membrane-bound DAP12 to induce PI3K and 
GRB2 signaling pathways [42]. We used the RNA-seq 
gene counts to monitor both the expression of TREM-1 
ligands (i.e. HMGB1, PGLYRP1, HSPA1A, and CIRBP) 
and intracellular signaling (DAP12, ZAP70, Syk, PI3K, 
GRB2, SOS1 and SOS2). As shown in Fig. 7D, none of the 
genes encoding for TREM-1 interacting partners appears 
to follow TREM-1 differential expression in Gb and GbT 
as well as between Gb and TMZ-Gb. We did not find any 
expression of TREM-2 or other members of the TREM 
family in our RNA seq data (not shown).

Discussion
The origin and the roles of MSC in GBM remain ill-
defined although they are implicated at several levels 
during gliomagenesis and its progression under treat-
ment but the exact mechanisms underlying their func-
tion in cancer are unknown [7, 43]. In previous works, 
we have developed a 3D biosphere model to study the 
interaction between MSC and GBM and showed that 
in contact with GBM, MSC were transformed to CAF 

Fig. 6 ATAC‑seq analyses of GBM monoculture vs. MSC/GBM co‑culture A) The average read density (right) and heatmaps (left) indicating ATAC‑seq 
signal across a genomic window of upstream ‑5 kb to + 5 kb downstream of different regions (i.e. gene bodies, promoter and merged peak 
regions) of untreated or TMZ‑treated Gb and GbT. B) PCA analysis of Gb and GbT treated or not with TMZ. C) Expression of key genes implicated 
in epigenetic regulation
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we called here  MSCCAF [10–12]. We demonstrated that 
 MSCCAF promoted GBM survival through mitochon-
drial exchanges in co-cultures [10]. Nonetheless, MSC 
are attractive therapeutic targets and thus more relevant 
models are needed to evaluate their roles as potential 
anticancer targets [44].

In the present work, we used a 3D scaffold model 
obtained with bioprinted GBM/MSCCAF co-cultures, 
treated or not with conventional glioma therapies 
(chemo- and/or radio-therapy), to analyze at the tran-
scriptomic level the impact of human bone derived 
human MSC on GBM (Fig.  1, 2). Of interest, mito-
chondrial DNA encoded genes were the top expressed 
genes emphasizing the importance of mitochondria in 
the MSC/GBM interactions under 3D culture condi-
tions (Fig.  3). The transcriptomic differences observed 
between Gb and GbT in the top 900 expressed genes 
encompass several pathways (Fig.  3). Of note, in Gb, 
TMZ has a profound effect on the expression of the top 
genes, which were modulated by the combination with 
IR, but as a single agent did not affect the transcriptome 
(Fig.  3). This implies that the combination treatment is 
more reliable to the actual patients’ situation. The addi-
tion of  MSCCAF also alter the transcriptional landscape 
compared to Gb as well as its response to treatment. The 

co-culture GBM/MSCCAF did not affect a specific path-
way but rather modified the major cellular constitutive 
processes (Fig.  3B, C). Quite interestingly, neither the 
 MSCCAF and/or therapy modify the cancer stem cell sig-
natures (Fig. 3D). Interestingly, several genes implicated 
in mitochondrial and immune related genes are present 
in the top 40 genes differentially expressed in Gb vs. GbT 
(Figs. 3, 4). This is consistent with the central role mito-
chondria play in the interactions between cancer and the 
microenvironment and the organelle exchanges observed 
between MSC and GBM in  vitro [3, 4]. The analysis of 
the genes implicated in angiogenesis (Fig.  5A, B) indi-
cated that the co-culture of  MSCCAF and GBM affect 
the expression of several key genes such as CXCL5 and 
COL16A, which has been associated with GBM invasive-
ness, tumorigenesis and angiogenesis [45, 46]. To further 
study the influence of  MSCCAF on GBM, we focused on 
the expression of miRNA and as illustrated in Fig.  6C, 
we found that one lncRNA (miR3681HG) is differentially 
expressed in Gb and GbT. Very little information is avail-
able on miR3681HG in cancer. However, its expression is 
associated with longer overall survival in GBM patients 
(Fig. 5D) (Table 1)

The TME and/or therapy are implicated in the chro-
matin remodeling in GBM [3, 4], in fact we observed a 

Fig. 7 TREM‑1 differential epigenetic regulation in GBM versus MSC/GBM cultures A) Genes expressed from simultaneous profiling of DNA 
accessibility and Gene expression dynamics with ATAC‑Seq and RNA‑Seq. B) Impact of TREM‑1 on the overall survival of GBM patients (TCGA data, 
ref 23). C) Epigenetic profiling of TREM‑1 gene in Gb and TMZ‑Gb. D) Gene counts for key genes implicated in TREM‑1 function
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limited effect of TMZ and/or co-culture with  MSCCAF 
in our models. However, among the limited number 
of genes affected by chromatin changes (Fig.  7A), we 
focused on TREM-1, which belongs to the Ig-like super-
family and is mainly found expressed on myeloid cells 
and recently observed in the TME of GBM where it plays 
an important role in GBM progression [47]. We found 
that TREM-1 is expressed in Gb more than in GbT and 
is downregulated by TMZ (Fig.  3A) and is down-regu-
lated by TMZ and/or irradiation (Fig. 7A). However, we 
did not observe any change in the intracellular effectors 
and ligands of TREM-1, at least at a transcriptional level 
(Fig. 7D).

Little is known about the role of miR3681HG in cancer. 
On the other hand, it has been shown that TREM-1 defi-
ciency globally remodels the TME toward an immune-
permissive state [48]. Thus, further studies based on 
pharmacological intervention needed to be conducted, 
such as inhibition of TREM-1 activity by LP17.

Conclusion
Taken together, our study has established that bioprinted 
GBM/MSCCAF co-culture is feasible and has revealed 
potential new targets in GBM. However, further studies 
using relevant animal and cellular models are needed to 
assess the role of TREM-1 and miR3681HG in GBM and 
especially the role of  MSCCAF and TMZ in the epigenetic 
regulation of TREM-1.
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