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Patient-derived glioblastoma organoid (GBO) growth in hydrogels recapitulates key features of parental
tumors, making GBOs a useful tool for fundamental research on cancer biology and offer deeper insight
into the development of innovative therapeutic strategies for cancer treatment. Matrigel as a natural
hydrogel has been widely used for 3D culture in most tumor organoid studies, but the volatility in its bio-
chemical and biophysical properties makes it difficult to be further applied in GBO cultures. Thus, several
kinds of biomimetic hydrogels from synthetic or biological polymers have been developed for tumor
organoid growth. Here, we innovatively utilize a photocurable hydrogel-based biomimetic instructive
system containing gelatin methacryloyl (GelMA) mixed with a hyaluronic acid (HA) hydrogel as a scaffold
for generating GBOs. Furthermore, we evaluated the GBO biological properties at the transcriptome level,
which showed that GBOs cultured with this hydrogel retain the expression profile of key neurodevelop-
mental markers, driving mutations and alternative splicing of parental tumors. Notably, GBOs cultured
with the photocurable hydrogel may provide a platform for precision cancer medicine, bridging the gap
between basic research and clinical application. Although significant challenges remain, biomimetic
hydrogels can provide an exceptional window for the construction of tumor organoids to ensure the
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Introduction

Glioblastoma (GBM) is the most common primary malignant
brain tumor in adults and is associated with poor outcomes."
The median survival of newly diagnosed glioblastoma after
the use of conventional therapies is approximately 16 to
20 months.> Currently, no effective anti-tumor drugs are
available for GBM treatment due to the heterogeneous and
invasive nature of glioblastoma and the limitations of tra-
ditional drug screening methods. The classical method for
drug screening is culturing cancer cells in a 2D plate.
However, cancer cells present poor intratumor heterogeneity
during 2D culturing and gradually lose the characteristics of
the parental tumor.>* Cancer organoids have been widely
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accuracy of the research and clinical data.

used in recent times for screening and efficacy evaluation of
drugs to explore personalized treatment strategies.” Jacob
et al. reported that patient-derived glioblastoma organoids
(GBOs) can maintain the key features of parental tumors,
including their histological features, cellular diversity, gene
expression, and mutational profiles. These findings provide a
basis for the development of patient-specific treatment strat-
egies and drug screening.®

GBOs can be cultured with and without hydrogels.®’
Matrigel has been widely used in GBO culture.® A previous
study reported that GBOs cultured with Matrigel (containing
exogenous EGF/bFGF) demonstrated stem cell heterogeneity
and a hypoxic gradient.” However, Matrigel contains more
than 1800 unique proteins,” making it difficult to control the
specific needs for organoid structure and function during the
culture. In the culture system, mechanical properties have
great effects on organoid development.’® The mechanical pro-
perties of Matrigel have been found to be heterogeneous and
the elastic moduli of local regions are several times higher
than the average modulus of the sample.'"'> Methacrylated
gelatin (GelMA), synthesized by grafting methacrylate groups
onto the amine-containing side groups of gelatin, has been

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-0666-9894
https://doi.org/10.1039/d2bm00589a
https://doi.org/10.1039/d2bm00589a
https://doi.org/10.1039/d2bm00589a
http://crossmark.crossref.org/dialog/?doi=10.1039/d2bm00589a&domain=pdf&date_stamp=2022-08-17
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00589a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM010017

Open Access Article. Published on 05 July 2022. Downloaded on 6/24/2026 8:25:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

widely used in tissue engineering and several biomedical
applications.”® Furthermore, GelMA-based hydrogels have
been increasingly studied for nerve tissue engineering.'*
Recent studies have shown that the nerve guidance conduits of
GelMA-based hydrogel can promote nerve regeneration.'*'®
Besides, GelMA has been proved to have good temperature
stability and a low swelling ratio to maintain its mechanical
properties.’”” A study showed that 5% (w/v) GelMA has high
ductility and favorable compression resistance, biomimetic
shear modulus, and toughness, making it a potential material
for disc degeneration repair.'® Erkoc et al. cultured a glioblas-
toma cell line U373 with GelMA hydrogels, and the results
indicated that U373 presented a significantly high expression
of the pro-survival gene Bel-2 and low expression levels of the
pro-apoptotic genes, Bad, Puma and caspase-3. These findings
indicate that GelMA may act as an extracellular matrix (ECM)
to promote the growth of glioblastoma.'® In summary, the
advantages of GelMA hydrogels include favorable biological
properties, easily modified physical characteristics, and the
presence of cell binding and matrix metalloproteinase-respon-
sive peptide motifs.*® Hyaluronic acid (HA) is the most abun-
dant component of ECM in the healthy brain tissue.”’ HA
regulates tissue mechanics and hydration as well as activates
cellular signalling through surface receptors such as
CD44.>** Previous studies show that the tumour and stromal
cells secrete HA in high-grade gliomas.>**> Furthermore, low
molecular weight HA promotes tumour invasion, while high
molecular weight HA reduces tumour invasion.’**” Tang M.
et al. generated a 3D glioblastoma model using a mixture of
4% GelMA and 0.25% glycidyl methacrylate-HA (GMHA) as the
ECM composition exhibiting cellular dependencies and
immune interactions in vitro.?® However, some methods for
generating GBOs involve directly cutting tumor tissues into
pieces without hydrogels.®*® Notably, cutting tumor tissue
removes ECM and potentially alters the tumor microenvi-
ronment and may limit the application of these methods.
Therefore, hydrogels were used as ECM to culture GBOs in the
present study. Few studies have explored the use of GeIMA and
HA in GBOs culture. In addition, the biological characteristics
of GBOs have not been fully elucidated.

In the current study, a GBOs culture method was developed
by combining pieces of tumor tissues with a mixture of 5%
(w/v) GelMA and 0.25% (w/v) HA as the ECM. We selected the
recipes of the hydrogel, based on several previous studies,
which demonstrated that 5% (w/v) GelMA-supported cell survi-
val and proliferation, of which viability was more than
90%.%°7> Besides, when compared with 10% and 15% (w/v)
GelMA, the pore size of 5% (w/v) GelMA was maximum, which
might allow the cells to be in good contact with the medium.*
0.25% (w/v) HA was used to mimic the ECM composition of
glioblastoma, which has been reported by Tang, M et al.>® The
second group of GBOs was cultured without hydrogels to act as
the control group. Tumor tissue sample processing and GBOs
culture were performed as described in a previous study.>
RNA-sequencing analysis was performed to explore expression
profiles of the key genes after GBOs culture. Furthermore, a
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system was developed by RNA sequencing analysis to evaluate
the biological characteristics of GBOs, including analysis of
differentially expressed genes (DEGs), single-nucleotide poly-
morphism (SNP), alternative splicing (AS), expression levels of
drug target genes, infiltration of immune cells, tumor micro-
environment (TME) score and genetic expression tendency.
The findings of the present study provide a basis for the devel-
opment of personalized therapy for GBM patients.

Materials and methods
Tumor samples

Collection, dissection, and processing of tumor samples were
performed as described in a previous study.” Fresh tumor
samples were obtained from a 60-year-old female patient diag-
nosed with recurrent glioblastoma through surgical resection.
Tissue samples were washed with sterile phosphate-buffered
saline at 4 °C and cut into small slices of 1-2 mm diameter in
a glioblastoma dissection medium.?® Tumor slices were pre-
pared for GBOs culture. Written informed consent was
obtained from the participant, prior to the surgery.

GBO culture

GBO medium was prepared as described previously.”® A mixture
of 10% (w/v) GeIMA (EFL-GM-60, Suzhou, China) and 0.5% (w/v)
HA (EFL-HA-150K, Suzhou, China) was heated in a water bath at
70 C for 20 min under dark conditions. The hydrogels were then
immediately filtered with a 0.45 pm sterile needle filter. The
hydrogels were heated at 37 °C after filtration. The hydrogels
were mixed with equal volumes GBO medium containing pieces
of tumor and extruded through a syringe (to obtain 5% (w/v)
GelMA and 0.25% (w/v) HA). The mixture was subjected to
405 nm blue light irradiation curing for 30 seconds to complete
the GBO production (Fig. 1). Pieces of tumors were cultured
without hydrogels as a control group. Two groups of GBOs were
cultured with a GBO medium in a 5.0% CO, incubator at 37 °C.

RNA-sequencing analysis

Hydrogels were cleaved with GelMA lysate (EFL-GM-LS-001
Suzhou, China) to release the tumor tissue before RNA extrac-
tion. Total RNA was extracted using a TRIzol reagent kit
(Invitrogen, Carlsbad, CA, USA). RNA quality was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA) and RNase-free agarose gel electrophoresis was
performed. Eukaryotic mRNA was enriched using Oligo(dT)
beads, whereas prokaryotic mRNA was enriched by removing
rRNA using Ribo-ZeroTM Magnetic Kit (Epicentre, Madison,
WI, USA). The enriched mRNA was fragmented into short frag-
ments using a fragmentation buffer and reverse transcribed
into cDNA with random primers. Second-strand cDNA was syn-
thesized using DNA polymerase I, RNase H, dNTP, and a
buffer. The cDNA fragments were then purified with a
QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands),
end-repaired, poly(A) added, and ligated to Illumina sequen-
cing adapters. The ligation products were size selected by
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Fig. 1 A schematic representation of the process of making GBOs with hydrogels. (a) Fresh tumor samples were cut into pieces and mixed with
hydrogels. (b) GBOs combined with hydrogels before 405 nm blue light crosslink. (c) GBOs with hydrogels after 405 nm blue light crosslink. (d and

e) Scanning electron microscopy (SEM) analysis of GBOs with hydrogels.

agarose gel electrophoresis, PCR amplified, and sequenced
using Illumina HiSeq2500 at the Gene Denovo Biotechnology
Co. (Guangzhou, China).

Differentially expressed genes (DEGs)

RNAs differential expression analysis between the two samples
was performed using the edgeR package in R Studio.** Genes/
transcripts with a false discovery rate (FDR) below 0.05 and
absolute fold change >1 were considered differentially

4904 | Bjomater. Sci, 2022,10, 4902-4914

expressed genes. FDR also called Q value, is the corrected
P-value, which is a stricter test threshold compared with
P-value.

Single-nucleotide polymorphism (SNP) analysis

The GATK tool® (version 3.4-46) was used for calling variants
of transcripts, and ANNOVAR was used for SNP/InDel annota-
tion. Function, genome site, and type of variation of SNPs were
also analyzed.

This journal is © The Royal Society of Chemistry 2022
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Alternative splicing analysis

The rMATS>® (version 4.0.1) software (https:/rnaseq-mats.sour-
ceforge.net/index.html) was used to identify alternative spli-
cing events and analyze differential alternative splicing events
between samples. AS events with a false discovery rate (FDR) <
0.05 were selected as significant AS events. The classification
of alternative splicing was performed as follows: SE: skipped
exon; MXE: mutually exclusive exon; A5SS: alternative 5’ splice
site; A3SS: alternative 3’ splice site; RI: retained intron.

Immune cell infiltration and tumor microenvironment
analysis

Immune cell infiltration analysis was performed using
TIMER2.0,”” a free web server for data analysis (https:/timer.
cistrome.org/). Tumor microenvironment analysis was per-
formed using the ESTIMATE tool.*®

Drug target and relevance genes analysis

Drug targets of glioblastoma were retrieved from TTD
(Therapeutic Target Database, https:/db.idrblab.net/ttd/)*
and OncoKB (https:/www.oncokb.org/levels) database.*’

Trend analysis, KEGG pathway enrichment analysis and GO
(gene ontology) enrichment analysis

Trend analysis is a method to cluster the gene expression pat-
terns of multiple continuous samples (at least 3 samples). The
clustering results can show the trend of gene set expression,
such as increasing, decreasing, or no change in expression.
Trend analysis was performed by the short time-series
Expression Miner*' software. The files of the gene expression
(in the order of 0, 7, and 14 days) were input into the software.
KEGG Pathway and GO enrichment analyses were performed
using OmicShare tools, a free online platform for data analysis
(https://www.omicshare.com/tools). Expression data for each
sample were normalized to 0, log2 (v1/v0), log2 (v2/v0), and
then clustered using Short Time-series Expression Miner soft-
ware (STEM).*> GO/KEGG enrichment analysis was performed
for genes in each trend, and the p-value was calculated
through hypothesis testing. The p-value obtained was corrected
by FDR*® and a Q value < 0.05 was used as the threshold for
determining significantly enriched GO terms and pathways.

Scanning electron microscopy (SEM) analysis

GBOs with hydrogels were incubated in 2.5% glutaraldehyde
solution overnight at 4 °C. The samples were then washed
thrice with 0.1 M, pH7.0 phosphate buffer, each time taking
15 minutes. Samples were fixed with 1% osmic acid solution
for 2 hours and then washed with 0.1 M, pH 7.0 phosphate
buffer. Samples were dehydrated with gradient concentrations
of ethanol (including 30%, 50%, 70%, 80%, 90%, 95% and
100%) for 20 minutes at each concentration. Further, samples
were treated with a mixture of epoxy embedding agent and
acetone (1:1) (v/v) for 1 h, a mixture of epoxy embedding
agent and acetone (3:1) (v/v) for 3 h, and pure epoxy embed-
ding agent overnight. The samples were sliced using a LEICA

This journal is © The Royal Society of Chemistry 2022
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EM UC?7 ultra-thin slicer to obtain 70-90 nm slices. The slices
were stained with lead citrate and dioxy acetate for 5 min and
then dried for photogenic observations.

Results
Glioblastoma organoids (GBOs) culture

The traditional tumor organoid culture is mainly characterized
by the division of tumor tissue into single cells, which is not
conducive to preserving native cell-to-cell interactions. A
method for directly separating tumor tissue into small pieces
was recently developed for culturing GBOs. However, we con-
sidered that this method might result in the loss of ECM after
cutting tumor samples. Thus, tumor tissue sections were
mixed with hydrogels (5% GelMA and 0.25% HA) to generate
GBOs to circumvent this limitation (Fig. 1).

Effect of GBOs on the expression of neurodevelopmental
marker genes

Analysis of differentially expressed genes (DEGs) was performed
using a panel of neurodevelopmental marker genes, including
glioma stem cell marker genes SOX2 and OLIG2, glial marker
genes GFAP and S100B, neural progenitor marker genes NES,
HOPX andFABP7 and the cell proliferation marker gene MKI67
to characterize cellular identities between the parental tumor
(original GBM) and GBOs (Fig. 2). The immunofluorescence
staining details are shown in Fig. S1.t Although some of these
markers were maintained by GBOs, the expression levels
changed significantly during the culture (Fig. 2a). When the gene
expression level of GBOs was no different or higher than that of
the parental tumor, it indicated that GBOs maintained the gene
expression profile. When the gene expression level of the orga-
noid was lower than that of the parental tumor, it implied that
the GBOs did not maintain the gene expression. This definition
was also applied to subsequent drug target analysis. GBOs com-
bined with hydrogels maintained the expression levels of FABP7,
SOX2, and KMI67 on day 7, whereas GBOs without hydrogels
only maintained KMI67 expression on day 7 (Fig. 2a and c,
Table S1t). The GBOs with hydrogels maintained HOPX
expression on day 14, whereas, the GBOs without hydrogels did
not maintain HOPX expression at this time point (Fig. 2e and f,
Table S27). Notably, no genes showed lower expression levels in
GBOs with6 the hydrogel group than in the GBOs without the
hydrogel group (Fig. 2d and g, Tables S1 and S27). These results
indicate that the hydrogels played a significant role in maintain-
ing some neurodevelopmental marker genes in GBOs. However,
the expression of GFAP and S100B was not maintained in the
two groups (Fig. 2b, ¢, e and f, Tables S1 and S27).

Effects of GBOs on variants and alternative splicing

Although the number of variants type, location of variants,
and alternative splicing in GBOs decreased compared with
that of the parental tumor (Fig. 3a-d), the percentages in
GBOs were similar to those in the parental tumor (Fig. 3b-d),
except for the location of variants (Fig. 3a). The findings
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Fig. 2 Expression levels of neurodevelopmental marker genes in GBOs. (a) Changes in reads count of MKI67, HOPX, FABP7, NES, SOX2, OLIG2,
GFAP and S100B during GBOs culture. (b—g) Volcano plots showing differentially expressed genes (DEGs) between two groups. False discovery rate
(FDR) below 0.05 and absolute fold change >1 indicated differentially expressed genes. Original GBM was used as the control group for (b)/(c)/(e)/
(f), medium_7d was used as the control group for (d) and medium_14d was used as the control group for (g).

showed no significant differentially expressed alternative spli-
cing for approximately 70%-90% variants in GBOs compared
with parental tumors, indicating that GBOs maintained most
alternative splicing expression (Fig. 3e-h).

Effect of GBOs on drug target genes

The findings showed that the two types of GBOs maintained
expression of the target genes PTEN, TNKS, MTOR, CDK12,

4906 | Biomater. Sci,, 2022, 10, 4902-4914

and NF1 on day 7 (Fig. 4b and c, Table S1}). GBOs without
hydrogels maintained FROM1 expression on day 7 whereas
GBOs with hydrogels did not maintain the expression of
FROM1 on day 7 (Fig. 4b and c, Table S11). TNKS/CRBN was

maintained by the two types

of GBOs on day 14 (Fig. 4e and f,

Table S21). GBOs without hydrogels maintained PTEN/MTOR/
CDK12 expression on day 14 whereas GBOs with hydrogels did
not maintain expression of these genes (Fig. 4e and f

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Maintenance of variants and alternative splicing by GBOs. (a—d) Composition and proportion of variants type, location and alternative spli-
cing in parental tumor and GBOs. (e—h) Differentially expressed alternative splicing between parental tumor and GBOs. Original GBM was used as
the control group and a false discovery rate (FDR) < 0.05 indicated significant as events.

Table S21). GBOs with hydrogels retained EGFR expression on
day 14, whereas GBOs without hydrogels did not maintain the
EGFR expression at this time point (Fig. 4e and f, Table S27).
EGFR was a classic drug target gene for treating glioblastoma,
and the expression of EGFR in GBOs with hydrogels was
higher than GBOs without hydrogels on both day 7 and day 14
(Fig. 4d and g, Tables S1 and Table S2t). These results indi-
cated that GBOs with hydrogels and GBOs without hydrogels

This journal is © The Royal Society of Chemistry 2022

had some differences in maintaining the expression of drug
target genes.

Effect of GBOs on immune cells

Analysis of immune cell infiltration showed that macrophages
had the highest proportion in GBOs and parental tumors.
However, the proportion of other immune cells was different
between the parental tumors and GBOs (Fig. 5a). Infiltration

Biomater. Sci,, 2022, 10, 4902-4914 | 4907


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00589a

Open Access Article. Published on 05 July 2022. Downloaded on 6/24/2026 8:25:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Biomaterials Science

o 0,0 4008

30 RUET

3

Negative log10 transformed qalue
Negative log10 transformed qvalue

o o w
o oW e DW
NoDiff NoDiff
( a) 100 100
Target Drugs Statas
NTRK1 inil inil DA-approved
NTRK2 _ Entrectinib P L5
PTEN AZD8186/GSK2636771 ological evidence
NF1 Cobimetinib/Trametinib ological evidence N
MTOR ___Temsiroli i ological evidence i 0
MET INCB28060 hase 2
I KRAS Binimetinib/Cobimetinib/Trametinib _Biological evidence 05 -10 0 10 -10 0 10
GFR3 Debiol 347/AZD4547/Erdafitinib/BGJ3 Biological evidence ) Log? fold change Log2 fold change
GFR2_ Debiol 347/BGI398/AZD4547 Exdatitis Biological evidence
GIRl 253%%@%@3;‘4”@5”/'3&""” oridl ecdnce 0 Original_GBM-vs-GelMA_HA_7d Original_GBM-vs-GeIMA_HA_14d
X h
CDKNJA _ Palbociclib/Abemaciclib/Ribociclib _ Biological evidence 05 R
CDKI2 __ Pembrolizumab/ Nivolumab/Cemiplim: Biological evidence . (C) R (f)
BRAF _ PLX83%4 Biological evidence EGFR , .
PRKCB i Clinical trial:Phase 3 <1 by 4‘ o 300
AKTI1 Enzastaurin Clinical trial:Phase 3 o W 4 X )
PIK3CG __ GDC-0084 Successful:Phase 1 P
TFAS VB-111 Clinical trial:Phase 3 -15 f, 3
TUBB___ Verubulin Successful:Phase 2 s 3 H N
TLR3 Poly-ICLC Clinical trial:Phase 2 g . g
CACNAIH Mibefradil Successful:Phase 1 o . 3
MUC1 CAR-T cells targeting Mucl Clinical trial:Phase | - £ 20
| DNMTIPMX-700 Clinical i £ s H
TLRY itenimod Clinical tial:Phasc | 2 I o v
CD276___1241-8H9 Clinical trial:Phase 1 § 5 o oW
IFNBI__ Gene therapy, IFN-D hase g cov 2 N -
?lic gﬁ:ﬂ idotriazole orotate ” ‘é' ‘e o &
ha o 0
CSE2RA__ AFTVac uccessful:Pha 2100 £ 0
IL2RB___ AFIVac Clinical trial:Phase 2 g 3
DGFRA  MEDI-575 Successful:Phase 2 g -l .
(D55 Coxsackievirus A21 Clinical tial z @
IDO1 Epacadostat
CRBN _ CC-122 . o
TRCI05 g
— elinexor 0 - K
CC-2618 MIOR g [ o
= 40Logz folg _ 1o 20 Log2 fold change
Original_GBM-vs-Medium_7d Original_GBM-vs-Medium_14d
200 300
CT-121
d-IL-12 DNA therapeuti
Successful:Phase 1/2 £ 9
Clinical trial:Phase | g _2
AZD1390 Clinical trial:Phase | & L
g 9 "Q § § g 200 E 200
£ 2 2§ % s $
§f 5 8 § 5 |3 o w g o
= I | | = . oW 5 o oW
o T B = ) ’ c ’
w I> ‘> s & 2 NoDiff 2 NoDiff
g 2 3 2o 2o
= & 3
9 9
z =
0 0

10 -5 -10 015

5 0 5
Log2 fold change
Medium_14d-vs-GeIMA_HA_14d

0
Log2 fold change
Medium_7dd-vs-GeIMA_HA_7

Fig. 4 Effect of GBOs on expression levels of drug target genes. (a) Heat map showing the expression level of drug target genes in parental tumor
and GBOs. (b—g) Volcano plots showing differentially expressed genes (DEGs) between samples. False discovery rate (FDR) below 0.05 and absolute
fold change >1 indicated differentially expressed genes. Original GBM was used as the control group for (b)/(c)/(e)/(f), medium_7d was used as the

control group for (d). Medium_14d was used as the control group for (g).

scores of immune cells given by various algorithms were
different, making it difficult to assess the level of infiltration
(Fig. 5b). Tumor microenvironment scores, including
immune score, stroma score, and estimate score were used to
assess the overall degree of infiltration of immune cells,
stroma cells, and purity of the tumor cells. The immune score
of GBOs with hydrogels was higher than that of GBOs
without hydrogels on days 7 and day 14, whereas the esti-
mated score of GBOs with hydrogels was lower on day 14
(Fig. 5¢c and e). These results indicated that GBOs with hydro-

4908 | Biomater. Sci, 2022,10, 4902-4914

gels resulted in higher infiltration of immune cells relative to
GBOs without hydrogels.

Gene expression profile during GBOs culture

Analyses in the previous part of this study were mainly based
on inter-sample factors. Trend analysis was performed to
explore the dynamic changes in gene expression between the
two types of GBOs. The parental tumor (original GBM) was set
as day 0 of GBOs culture and the gene expression pattern was
clustered according to the gene expression level on day 0, day

This journal is © The Royal Society of Chemistry 2022
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7, and day 14. Genes were defined as “Trend Genes” and “No
Trend Genes” in the trend analysis. “No Trend Genes” rep-
resented stably expressed genes, whereas “Trend Genes” rep-
resented genes with unstable expression during culture. The
number of “Trend Genes” in GBOs with the hydrogel group
was approximately 2.23 times the number of “No Trend
Genes” (Fig. 6a). The number of “Trend Genes” in GBOs
without the hydrogel group was about 1.57 times the number
of “No Trend Genes” (Fig. 6b) This finding indicated that a
higher number of genes changed their expression during the
process of GBOs culture compared with the number of genes
that had a stable expression (Fig. 6a and b). The biological
process classification comprised the top 20 GO terms of “No
Trend Genes” in all GBOs, whereas the cellular component

This journal is © The Royal Society of Chemistry 2022

comprised the top 20 GO terms of “Trend Genes” in all GBOs
(Fig. 6¢-f). The top 20 GO terms of “No Trend Genes” (Fig. 6¢
and e) and “Trend Genes” (Fig. 6d and f) between GBOs with
hydrogels and GBOs without hydrogels were different. KEGG
pathway enrichment analysis showed that the main pathways
of “No Trend Genes ” in GBOs with hydrogels were “osteoclast
differentiation” and “lysosome” (Fig. 7a), whereas, the most
enriched pathway in GBOs without hydrogels was “Cytokine-
cytokine receptor interaction” (Fig. 7c). “Calcium signal
pathway” was the most enriched pathway of “Trend Genes” in
all GBOs (Fig. 7b and d). Venn diagram was generated to
further explore the similarities and differences in GO terms
and KEGG pathways between GBOs with hydrogels and GBOs
without hydrogels (Fig. 7e and f, Tables S3 and S4t). The IL-17

Biomater. Sci., 2022, 10, 4902-4914 | 4909
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GO enrichment terms of trend genes in GBOs without hydrogels.

signaling pathway, apoptosis, and cell cycle pathways were stably
expressed in GBOs with hydrogels, whereas, pathways in cancer
and focal adhesion were significantly enriched in GBOs without
hydrogels. TNF signaling pathway and chemokine signaling path-
ways were significantly enriched in the two types of GBOs
(Fig. 7e, Table S3t). The chromosomal part, the mitotic cell cycle

4910 | Biomater. Sci, 2022,10, 4902-4914

process and DNA metabolic process terms were significantly
enriched in GBOs with hydrogels, whereas B cell differentiation
and response to endogenous stimuli were significantly enriched
in GBOs without hydrogels. The immune system process, cell
activation, and inflammatory response were significantly
enriched in GBOs with and without hydrogels (Fig. 7f, Table S47).

This journal is © The Royal Society of Chemistry 2022
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Discussion

Recent studies reported that GBOs can be generated by cutting
tumor tissue into pieces rather than using hydrogels and sep-
arating tumor tissue into cells. GBOs maintain the heterogen-
eity of parental tumors and the interactions between cells.®*°
However, we consider this method may be associated with the

loss of extracellular matrix. GelMA-HA hydrogels are mixed

This journal is © The Royal Society of Chemistry 2022

with tumor tissue pieces to overcome this limitation. In the
present study, GBOs combined with hydrogels retained the
characteristics of the parental tumor, such as glioma stemness
and proliferation. Moreover, expression levels of MKI67 and
SOX2 in GBOs with hydrogels were higher relative to the
expression levels in GBOs without hydrogels. This implies that
the use of hydrogel with 5% GelMA and 0.25% HA improves
GBOs culture. Similar to our results, a previous study reported
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that low molecular weight HA promotes GBM cell invasion and
glioblastoma stem cell stemness.** This indicated that HA
should be added to the ECM when generating GBOs.
Furthermore, our GBOs were easy to make and it only took 30
seconds of UV light to crosslink the hydrogel. A system was
established to evaluate the biological characteristics of GBOs
through RNA-seq analysis. The advantages of the method are
as follows: (1) analysis of differentially expressed genes showed
that the expression of key genes was maintained by GBOs, (2)
the percentages of single-nucleotide polymorphisms (SNPs),
and alternative splicing (AS) of GBOs were similar to those of
the parental tumor and most of them were maintained in the
GBO group. Notably, these polymorphisms play an important
role in regulating gene expression,’>*® (3) drug target gene
analysis indicated potential strategies for the development of
personalized therapies, (4) analysis of immune cells infiltra-
tion showed key association with drug response providing a
basis for the development of personalized therapies (such as
immunotherapy) based on GBOs, (5) trend analysis showed
dynamic changes in gene expression during the GBOs culture.
“No trend genes” represent genes with stable expression
during GBOs culture, thus the functions of these genes should
be explored in vitro. Further analysis of these genes helps in
the identification of potential targets for personalized thera-
pies. GBOs without hydrogels were set as the control group to
further explore whether the application of hydrogels promotes
GBOs culture. GBOs with hydrogels and GBOs without hydro-
gels showed some similarities and differences. The two groups
retained the expression of key genes in the parental tumor.
Osteoclast differentiation and lysosome pathways were signifi-
cantly enriched in the group comprising GBOs with hydrogels,
whereas the cytokine-cytokine receptor interaction pathway
was significantly enriched in GBOs without hydrogels. The
present study had some limitations. HA was physically mixed
with GelMA, which might lead to high biodegradation.
Chemical and physical crosslinking were reported to surmount
the high biodegradation.””*® In future studies, we will explore
the ways to improve the stability of HA in GelMA, optimizing
GelMA-HA mixed hydrogel. Besides, this was the first time a
mixture of GeIMA and HA was used to generate GBOs, there-
fore, tumor samples were collected from one patient. In
addition, GBOs were cultured only for two weeks. Further
studies should explore the application of GBOs using samples
from more patients and evaluate the effect of long-term
culture of GBOs. Although the macrophage level was main-
tained by the GBOs used in the current study, the level of
macrophages decreased over time. This is because the culture
conditions were optimized to preserve tumor cell viability
rather than the viability of immune cells, which was consistent
with findings reported in a previous study.®

Conclusions

GelMA-HA hydrogels were mixed with patient-derived tumor
tissue pieces to establish a method for making GBOs. The

4912 | Biomater. Sci, 2022,10, 4902-4914
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GBOs with the hydrogels maintained the parental tumor fea-
tures, such as the expression of key genes. Furthermore, a
system for evaluating GBOs through RNA-seq analysis was
developed to explore the biological characteristics of GBOs,
which deepens our understanding of GBOs.
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