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Arginine methylation is a post-translational modification that consists of the transfer of one or two methyl

(CH3) groups to arginine residues in proteins. Several types of arginine methylation occur, namely

monomethylation, symmetric dimethylation and asymmetric dimethylation, which are catalysed by different

protein arginine methyltransferases (PRMTs). Inhibitors of PRMTs have recently entered clinical trials to

target several types of cancer, including gliomas (NCT04089449). People with glioblastoma (GBM), the

most aggressive form of brain tumour, are among those with the poorest quality of life and likelihood of

survival of anyone diagnosed with cancer. There is currently a lack of (pre)clinical research on the possible

application of PRMT inhibitors to target brain tumours. Here, we set out to investigate the effects of

clinically-relevant PRMT inhibitors on GBM biopsies. We present a new, low-cost, easy to fabricate

perfusion device that can maintain GBM tissue in a viable condition for at least eight days post-surgical

resection. The miniaturised perfusion device enables the treatment of GBM tissue with PRMT inhibitors

ex vivo, and we observed a two-fold increase in apoptosis in treated samples compared to parallel control

experiments. Mechanistically, we show thousands of differentially expressed genes after treatment, and

changes in the type of arginine methylation of the RNA binding protein FUS that are consistent with

hundreds of differential gene splicing events. This is the first time that cross-talk between different types of

arginine methylation has been observed in clinical samples after treatment with PRMT inhibitors.

1. Introduction

Gliomas, arising from glial cells, are the most prevalent
malignancy of the central nervous system (CNS). Gliomas can

be subcategorised into oligodendroglioma, ependymoma and
astrocytoma, dependent upon the malignant cell type.1

Astrocytoma are the most frequent CNS tumours, accounting
for almost 80% of all malignant primary brain tumours.2,3

The most aggressive, but also the most common form of
astrocytoma is glioblastoma (GBM).4 GBM was recently
reclassified by the WHO as an adult-type diffuse glioma, of
which there are several subtypes, including giant cell
glioblastoma, gliosarcoma and epithelioid glioblastoma.1

Molecular features include isocitrate dehydrogenase (IDH)
and histone-3 wildtype status, as well as potential telomerase
reverse transcriptase (TERT) promoter mutation, chromosome
+7/−10 and endothelial growth factor receptor (EGFR)
amplification. GBM has a universally poor prognosis due to
its highly proliferative nature. GBM is mostly diagnosed in
older adults (55–64 years);5,6 and the average survival of
people diagnosed with GBM is short (12–15 months after
diagnosis),7 with a 1 year survival rate of 37.2%, and a 5 year
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survival rate of 5.1%.5 Exposure to high doses of ionising
radiation is the only confirmed risk factor for GBM.8,9 An
example is exposure to intracranial radiation for therapeutic
reasons, and there is an association with patient age and
radiation dose/volume.10,11 Additionally, a small percentage
(<5%) of people with gliomas may have a germline
predisposition.12

Histologically, GBM presents as a tumour with neoplastic
cells having astrocytic characteristics, necrosis and/or
endothelial proliferation.13 The diagnosis of GBM is initially
driven by neuroimaging, followed by biopsy or resection of
tumour tissue, towards the grading and characterisation of
the tumour following histological and genetic analysis.14

Current clinical treatment options after maximal brain
tumour resection are limited to radio- and chemotherapy
(temozolomide, TMZ) regimens. This standard-of-care
increases survival by about two months,15 however,
recurrence is almost inevitable16,17 and GBM is currently the
subject of intense preclinical and clinical research.

In fact, many models to investigate brain tumours have
been described, including the use of simple, 2-D cell culture
of GBM-derived cell lines (e.g. U87-MG cells), and spheroids
grown from cell lines or primary GBM cells, where cell
morphology and behaviour can be modelled in 3-D. Tumour-
on-chip models, where tumour tissues (sliced or micro-
dissected), extracted from patients, are maintained in (micro)
fluidic devices, have gained much traction over the past two
decades. These (micro)fluidic devices enable the continuous
flow of nutrients and the removal of waste, while maintaining
the tumour microstructure and microenvironment ex vivo,
and are thought to better resemble some of the properties of
the tumour microenvironment in vivo.18 Work in this field
has included the maintenance and investigation of a range of
normal and diseased tissues, e.g. ovarian cancer,19 breast
cancer,20 lung cancer,21,22 rectal cancer,23 thyroid,24 head and
neck25–28 and brain tissues.29–32 Recently, our group has
reported the study of 128 GBM biopsies from 33 patients,
using a first-generation brain tumour chip.33 Other groups
have reported the co-culture of brain tumour cells or tissues
on-chip with immune cells,34 micro-glial cells,35 HUVEC
cells,36 as well as more complex microphysiological systems
that provide a biomimetic microenvironment for brain cells
through inclusion of endothelial cells, pericytes, glial cells
and neurons.37,38 Clinically, efforts to understand factors
determining survival focus on combining TMZ with other
anticancer agents; on understanding the genomic drivers of
recurrence;39,40 on the development of new drugs41,42 and on
surpassing radiation resistance.43

Protein methylation is a protein post-translational
modification that consists of the transfer of methyl groups
from S-adenosyl-L-methionine (SAM) onto specific arginine or
lysine residues.44,45 The enzymes responsible for arginine
methylation are known as protein arginine
methyltransferases (PRMTs). There are three types of PRMTs,
each responsible for a different arginine methylation end-
product: type I PRMTs lead to asymmetric dimethylarginine

(aDMA); type II PRMTs produce symmetric dimethylarginine
(sDMA); and type III PRMTs form monomethyl arginine
(mMA) only. mMA is produced by all three PRMT types and
is often seen as a stable intermediate product in type I and II
PRMT reactions. Type I PRMTs include PRMT1, −2, −3, −4, −6
and −8. PRMT5 and −9 are type II PRMTs. PRMT7 is the only
type III PRMT identified to-date.46 It is accepted that most of
the arginine methyltransferase activity in mammalian cells
can be attributed to PRMT1.47 The distinct arginine
methylation modifications cause differential effects on
protein functions and cell biology, including regulating cell
proliferation and apoptosis.

In fact, it is well established that the dysregulation of
PRMT activity can lead to cancer.48 For this reason, cell-
permeable PRMT inhibitors have been developed over the
past decade and have been investigated as possible
therapeutic measures for the treatment of cancer in cell and
animal models. Importantly, PRMT inhibitors are currently
in clinical trials by major pharmaceutical companies to target
a range of tumours (at least 11 active or recruitment trials as
per September 2022),49,50 including GBM as expansion
cohorts.51 Two such PRMT inhibitors include MS023 and
GSK3368715, both targeting type I PRMTs. MS023 is a potent
and selective inhibitor, binding to the substrate binding site
of type I PRMTs,52 with IC50 values ranging from 4 to 119
nM. GSK3368715 is a potent and reversible, SAM-non-
competitive inhibitor, with IC50 values in the low nM range,
which has been shown to inhibit tumour growth or cause
tumour regression in in vivo models.49 GSK3368715 was
entered into phase I clinical trials in 2018 for refractory
diffuse large B-cell lymphoma and other selected solid
tumours.49 Of note, inhibitors targeting different types of
PRMTs can have synergistic effects.49,53,54 This can be
explained, at least in part, by the observation that inhibiting
(or knocking down) specific PRMTs often leads to substrate
scavenging by other PRMTs.55,56 However, this so-called
‘cross-talk’ between PRMTs has only been described in cell
models (including brain tumour cells57), and its clinical
relevance remains uncertain.

We and others have found that hundreds of proteins are
modified by arginine methylation in the brain.58,59 However,
the effects of PRMT inhibitors on brain tumours have not yet
been fully investigated. Our research question was thus: what
is the effect of PRMT inhibitors on GBM? We set out to
answer this question by investigating the effects of clinically-
relevant PRMT inhibitors on patient GBM biopsies that were
maintained in perfusion devices.

2. Materials and methods
2.1. Cell lines, brain tumour samples and ethical
considerations

This project was approved by the Yorkshire & The Humber
South Yorkshire Research Ethics Committee (13/YH/0238)
and by the NIHR (IRAS 131630). Surplus GBM tissue, which
was not required for histopathological analyses, was collected
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from the Hull University Teaching Hospitals NHS Trust, with
written informed consent from patients. Patients and
samples were recruited between 2018 and 2022. Consented
patients had brain tumours believed to be GBM (primary or
recurrent), at the time of initial diagnosis, as indicated by
neuroimaging. All patients had been given dexamethasone
(Dex) twice per day, at the time of initial diagnosis and
through imaging. Standard procedure was that patients
received 8 mg Dex for at least 48 hours, which was then
reduced to between 2–4 mg until the day of surgery. Dose
was then increased back to 8 mg on the day of surgery for 48
hours, and then again reduced to 2 mg. Patients may or may
not have undergone prior treatment with TMZ and
radiotherapy, dependent upon whether the tumour was
recurrent. Resected GBM tissue samples were transported in
10 ml Dulbecco's Modified Eagle's Medium (DMEM) (with
4500 mg L−1 glucose, L-glutamine, sodium bicarbonate and
phenol red; without sodium pyruvate and HEPES) (plus 10%
FCS, 1 mM streptomycin/ampicillin, 1 mM sodium pyruvate)
(Merck, Dorset) in an insulated box and put in the
miniaturised perfusion system within two hours of resection.
Pathology results (e.g. MGMT promoter methylation status)
were not known at the time of experimental set up.

Patient-derived cell lines (GBM63 and GBM58) were
acquired from the Leeds Neuropathology Research Tissue
Bank (NHS Research Ethics Committee code 20/YH/0109).
These were derived from GBM tissue from patients that
consented for the use of their tissue in research, and
specifically for the generation of in vitro models. They were
derived in serum free conditions.

2.2. Perfusion device and maintenance of spheroids and
GBM tissue

The perfusion device was a custom-designed polymethyl
methacrylate (PMMA) flow cell, consisting of three individual
in-house laser-cut (LS6840, HPC Laser, UK) pieces, assembled
together by hand and bonded using chloroform (Fig. 1A). The
inlet and outlet were 4 mm in diameter, to enable direct
interfacing with Luer to barb tubing connectors. The internal
chamber, where the sample was placed, was also 4 mm in
diameter and the central piece held a tissue retaining layer
with 37 × 100 μm holes to maintain the tissue position, while
allowing the flow of media to occur. The chamber was
connected to a 0.22 μm-filtered 20 ml syringe, containing
media (DMEM plus 10% FCS, 1 mM streptomycin/ampicillin,
1 mM sodium pyruvate), and either dimethyl sulfoxide
(DMSO), or pharmaceutical agents (TMZ or arginine
methylation inhibitors as appropriate), delivered through 1/
32″ Tygon Silicone tubing (Cole Parmer) via female/male
elbow Luer connects (Ibidi). The same tubing was connected
to the outlet of the perfusion device to allow effluent
drainage (Fig. 1A).

GBM primary cell lines were maintained in B27-, human
basic fibroblast growth factor- and epidermal growth factor-
supplemented Neurobasal medium (Fisher Scientific) for a

maximum of 11 passages (GBM58 cell line) and 7 passages
(GBM63 cell line). U87-MG cells were maintained in
supplemented DMEM medium. All spheroids were generated
in round-bottomed 96 well plate Ultra-Low Attachment (ULA)
(Corning Costar, UK) using an initial cell density of 3 × 104

cells/well and cultured in ULA plates for 10 days prior to
experiments. Medium was changed every 3 days.

Brain tumour biopsies were microdissected, upon receipt
from the hospital, into ca. 20 mg (±10%) samples. Biopsies
were turned out onto a 20 mm petri dish (Corning) in a class
II biological hood. Taking care to avoid areas of cauterised
tissue, visible necrosis and blood vessels, tissue was manually
microdissected by a neurosurgeon using single use, sterile
Swann–Morton curved blade no. 2 scalpels and forceps (ESI†
Video S1). Samples were generally spherical, around 3 mm in
diameter (for an approximate volume of 14 mm3).
Microbiopsies were then weighed using a microbalance and
biopsies trimmed, using the scalpel, until they reached the
standardised weight. ‘Pre-perfusion’ control samples were
immediately frozen in optimal cutting temperature medium
(OCT, TissueTek®) in 2-methylbutane (Honeywell) pre-chilled
in liquid nitrogen, to prevent the formation of ice crystals,
and stored at −80 °C. The remaining samples were randomly
placed into the perfusion device chambers within two hours
of resection (one 20 mg biopsy per device). Devices had been
pre-sterilised with 70% ethanol and pre-filled with medium,
ensuring absence of air pockets.

Devices containing either spheroids or GBM biopsies were
attached to the tubing/syringe system (see above) and loaded
onto a Harvard Apparatus PHD-ULTRA syringe pump, which
was programmed to infuse media at a flow rate of 2–3 μl
min−1. Effluent was collected into 15 ml centrifuge tubes for
each 24 hour period, over eight days. Effluents were stored at
4 °C short term (maximum of eight days), or at −80 °C long-
term.

2.3. Immunohistochemistry

Pre- and post-perfusion control and treated GBM tissue
samples were flash frozen with OCT (TissueTek®) in
2-methylbutane (Honeywell) pre-chilled in liquid nitrogen,
and stored at −80 °C before cryostat (Leica Microsystems,
Germany) sectioning onto poly-L-lysine coated slides at 8 μm
thickness. Sections were fixed in ice-cold 100% methanol for
10 minutes, and washed with tris buffered-saline (TBS, pH
7.6). Endogenous peroxidase activity was blocked in 3% H2O2

in absolute methanol for 15 minutes. Slides were loaded onto
Sequenza™ racks and incubated with normal horse serum
according to the Vectastain Elite kit protocol (Vector
Laboratories). This was followed by incubation with avidin
and then biotin solutions (Vector Laboratories), to prevent
non-specific binding of reagents. Slides were washed with
TBS between different reagent additions. Sections were
incubated overnight at 4 °C with antibodies against the
apoptosis marker poly(ADP-ribose) polymerase (cleaved-PARP
Asp214, D6E10, Cell Signalling #5625S) in TBS (1 : 100
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Fig. 1 A new perfusion system for the investigation of GBM cell line spheroids Ai) the simple, ‘in-house,’ microfabricated perfusion device was
comprised of three pieces of polymethyl methacrylate (PMMA), fused together with chloroform. The central section contained a frit to allow
media flow to the effluent chamber (right) whilst retaining the biopsy in the inlet chamber (left). This choice of perfusion devices reduces the
requirement for speciality fabrication equipment, thereby overcoming common barriers of expertise and cost that prevent the widespread
implementation of additional, valuable research models. ii) Ten devices were routinely set up in parallel to enable dynamic throughput. Devices
were connected to 20 ml syringes with a 0.33 μm filter and loaded onto a Harvard Apparatus PHD Ultra syringe pump (or equivalent), via 1/32″
Tygon silicone material tubing with female/male elbow Luer connects (Ibidi). An effluent tube was similarly connected to the opposite end of the
perfusion device and effluent collected in a 15 ml centrifuge tube. The entire system sat within a purpose-built incubator at 37 °C. Calculated
Reynold No. was 0.5 × 10−2 with shear stress calculated at 4.9 × 10−5 dyne per cm2. Bi) Cytotoxicity assay (LDH) of U87-MG spheroids with end-
stage lysis, over 13 days. Four individual technical replicates are shown. ii) MTS assay indicates cell viability of 62% and 44% in U87-MG spheroids
in the device, treated with 10 μM (solid line) and 100 μM TMZ (dashed line) respectively (n = 2, ± SEM), normalised to untreated controls. C) RNA-
seq data indicating shared significant (p < 0.05) DEGs (log2 fold change > 0.585) in spheroids from the GBM primary cell line GBM58 and GBM63,
maintained for 3 days in the perfusion device vs. GBM58 and GBM63 spheroids maintained for 3 days in a static culture (n = 3). D) Volcano plots
highlighting top 10 significant (p < 0.05) DEGs (log2 fold change > 0.585) in spheroids from the GBM primary cell lines GBM58 and GBM63,
maintained for 3 days in the perfusion device vs. spheroids maintained for 3 days in a static culture (n = 3).
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dilution). After washes in TBS, the secondary antibody was
added according to the manufacturer's instructions, then
with streptavidin ABC reagent, before placing in double-
distilled water (ddH2O) and staining with
3,3-diaminobenzidine and H2O2 dissolved in ddH2O, for 5
minutes. Sections were counterstained for 15 seconds with
Harris haematoxylin (Merck, Dorset), blued in tap water for 1
minute and then dehydrated in increasing grades of ethanol
(70%, 90%, 100%) for 1 minute each and submerged twice in
Histoclear (Histochoice®), each for 1 minute. Sections were
mounted using glass coverslips (VWR) and Histomount
(National Diagnostics).

Microscopy images were taken using an Olympus IX71
microscope, on the brightfield setting, phase 2, ×40
magnification and using CellSens software 1.18. Positive
staining was quantified using Cell Profiler 4.1.3. An antigen
expression index was calculated for each condition, for each
biological replicate, using the ratio of positive cells to total
cells. This value was made relative to the control samples
(DMSO) by dividing it by the average control antigen
expression index. Statistical analysis was performed using R
4.1.2.

2.4. Lactate dehydrogenase (LDH) assays

LDH assays were performed on the effluents collected for
each 24 hour period and stored at 4 °C. Assays were
performed on the last day of effluent collection, using the
Cytotoxicity Detection KitPLUS (Roche). Effluents (50 μl) were
analysed in duplicate in a 96-well plate (Corning), with an
equal volume of catalyst-dye solution (1 : 45). Two wells in
each plate also contained medium-only. After 30 minutes at
37 °C in the absence of light, 1 M HCl (25 μl) was added to
stop the reaction. Absorbance was recorded at 495 nm,
correcting at 690 nm, using the BioTek™ ELx800™
absorbance microplate reader with Gen5 software 1.08. The
medium-only absorbance was subtracted from effluent
sample absorbance and the average absorbance for each
sample was calculated and normalised per mg of starting
tissue weight.

2.5. MTS assays

U87-MG spheroids were transferred from perfusion devices to
a clear, flat-bottomed 96-well plate (Corning), using a p1000
pipette to prevent mechanical stress. Spheroids (in 100 μl
growth medium) were incubated with CellTiter 96 Aqueous
One Solution reagent (Promega) for 1 hour at 37 °C, 5% CO2.
Plates were shaken at 300 rpm for 2 minutes before transfer
of the supernatant to a clear, flat-bottomed 96-well plate
(Corning). Absorbance was recorded at 490 nm using a Biotek
Synergy HTSpectrophotometer.

2.6. Cytokine analysis

Cytokine profiling in effluents was performed using the
Human XL Cytokine Array Detection kit (R&D Systems),
which includes 105 cytokines. Effluents from two control

(untreated) devices were combined, at three different time
points (48, 96 and 192 hours) to offset any effects of
intratumour heterogeneity and sample size distribution. To
prevent non-specific protein binding, membranes were
blocked for one hour before incubating overnight at 4 °C
with effluents diluted in array buffer 6 (8 : 7). Three time
points were assessed, that is, effluents corresponding to the
second day, the fourth day and the eighth day of incubation
in the perfusion device. After washing in the provided wash
buffer, membranes were incubated with an antibody
detection cocktail for 1 hour, and then with streptavidin-HRP
for 30 minutes, before visualising using the ChemiDoc™
Imaging system (Bio-Rad), with Clarity™ ECL Western
substrate (Bio-Rad). Densitometry was analysed using R&D-
approved software, HLImage++ Quick Spots (Western Vision
Software, 2021) and statistics performed using R 4.1.2.

2.7. Western blot

Protein lysates were produced from GBM biopsies both pre-
perfusion (i.e. fresh biopsies from surgery) and post-
perfusion (i.e. GBM samples after 8 day incubation in the
perfusion device). Tissue was homogenised in 1% Triton
X-100 and phosphate buffered saline (PBS) plus protease
inhibitors (Sigma) using a Dounce homogeniser. Crude
lysates were incubated on a rotating wheel for 1 hour at 4 °C
and centrifuged at 13 000 × g. The aqueous layer was
siphoned off as the protein lysate, taking care not to disturb
the nucleic acid and cell debris pellet and total protein
concentrations were quantified using a bicinchoninic acid
assay (BCA) (Sigma), according to the manufacturer's
instructions.

Protein lysates were boiled with Laemmli sample buffer
and proteins (20–50 μg) were resolved through 10% SDS-
PAGE run at 120 V. Transfer to a nitro-cellulose membrane
(ECL Hybond) was performed at 30 V overnight, before
blocking in 5% milk (Marvel) in TBS (w/v) solution for 1 hour.
Membranes were washed twice in TBS with 1% Tween-20
(TBST) before incubation at 4 °C overnight in 1% milk in
TBST (w/v) containing 1 : 1000 dilutions of primary antibodies
(#13522, #13222 or #8015 for aDMA, sDMA and mMA,
respectively, all from Cell Signalling Technologies) as
appropriate. Binding was detected using horseradish
peroxidase (HRP)-conjugated goat anti-rabbit antibody (Dako
#P0448, 1 : 5000 dilution), using Clarity™ ECL Western
substrate (Bio-Rad) and imaged as previously described.
Densitometry analysis was performed in ImageJ and protein
band intensity was normalised to loading controls (actin,
GAPDH) bands.

2.8. Methyl-SILAC, and immunopurification and mass
spectrometry analysis of methylated peptides

We utilised heavy methyl SILAC (hmSILAC) to label proteins
modified by arginine methylation in brain tumour biopsies
maintained in the perfusion device, through adaptation of
previously published protocols.55 Briefly, two devices
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containing control (DMSO) tumour pieces from the same
biopsy were connected to medium containing, respectively,
light methionine and heavy (13CD3) methionine (100 μM). In
parallel, two devices containing tumour pieces from the same
biopsy (D17) were treated with MS023 (100 nM) and
connected to medium containing light methionine and heavy
methionine as before. After eight days of perfusion, the
tissues were snap-frozen in liquid nitrogen. Tissue (30 mg)
lysis was done in 500 μL of urea lysis buffer (20 mM HEPES,
9 M Urea and protease inhibitors) and the lysates were
sonicated for 5 minutes at 30 second intervals. The lysates
were then cleared by centrifugation at 20 000 × g for 15
minutes and the supernatant transferred to a clean tube.
Lysates from control tissue incubated with 13CD3 and from
the MS023-treated sample incubated with light Met were
pooled into ‘pool 1’ at a 1 : 1 protein concentration ratio.
Lysates from control tissue incubated with light Met and
from the MS023-treated sample incubated with 13CD3 were
separately pooled (‘pool 2’). Prior to mass spectrometry
analysis and to increase sensitivity of the analysis towards
methylated peptides, the samples were enriched with
peptides modified by mMA using immunoprecipitation and
anti-mMA antibodies as previously described.59,60 Following
purification, peptides were separated by liquid
chromatography (50 cm C18 EN PepMap column) and
analysed on-line using an Orbitrap Fusion Tribrid mass
spectrometer using a Waters mClass UPLC. Resulting LC–MS
chromatograms were peak picked and searched against the
human subset of the SwissProt database (October 2019) using
PEAKS Studio X. The number of missed cleavages considered
was set to four with trypsin specified as the enzyme. Cys
carbamidomethylation was set as fixed modification, and
Met oxidation and arginine methylation were set as variable
modifications. False discovery rate was set at 0.05.

2.9. RNA-sequencing analysis

Spheroids were retrieved from the ULA plate or perfusion
device and transferred to RNAse free centrifuge tubes for
RNA extraction. For tissue work, post-perfusion samples
(control and 1 μM GSK3368715-treated) were snap frozen in
liquid nitrogen and stored at −80 °C until use. Of note,
tissues maintained in the same conditions (either treated or
control) were pooled from 2–3 miniaturised devices, for each
of the biopsies (n = 4 biopsies, D31 to D34). TRIzol™
(ThermoFisher Scientific) was added to the spheroids or
tissue biopsies and samples were homogenised using a
Dounce homogeniser. Chloroform was added 1 : 5 to the
lysate, tubes inverted gently for 15 seconds and then
incubated for 3 minutes on ice. Samples were centrifuged at
12 000 × g for 15 minutes at 4 °C. Isopropanol was added 1 : 2
to the upper, colourless, aqueous phase and samples were
incubated overnight at −80 °C before centrifuging at 12 000 ×
g for 10 minutes at 4 °C.

The RNA pellet was washed twice in 75% ethanol before
centrifuging for 5 minutes, at 7500 × g at 4 °C and the

supernatant discarded each time. The RNA pellet was air
dried before resuspending in RNase-free water through
incubation at 55 °C. Total RNA was then analysed to yield the
transcriptomic profile of the cells and tissues in the two
different conditions (for cell work, cells grown in the
perfusion device vs. under static conditions and for biopsy
work, control vs. 1 μM GSK3368715-treated tissues). Library
preparation and RNA sequencing were done by Novogene Co.
Ltd. (Cambridge, UK) using the Illumina NovaSeq 6000
platform at a depth of 34–60 million reads per sample.
Briefly, the HISAT2 algorithm was used for read alignment
and FPKM was used to normalise gene expression.61

Differential gene expression was determined from read
counts using the DESeq2 R package.62 Gene expression
change in either cells in the perfusion device, or treated
tissues, compared to cells grown in static conditions, or to
control tissues in the perfusion device, respectively, was log2
transformed, and the calculated p-values were adjusted using
the Benjamini–Hochberg correction for false discovery rate
(padj). Genes significantly (padj ≤ 0.05) up- or down-
regulated at least 1.5-fold (log2 fold change FC = ±0.585) with a
gene symbol/ID annotation were used in subsequent analysis.
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment were done
using ShinyGO63 and GOrilla.64 RNA-sequencing data have
been deposited in NCBI's Gene Expression Omnibus (GEO-
https://www.ncbi.nlm.nih.gov/geo/) and are accessible through
the GEO Series accession number (GSE226721).

2.10. Statistical methods.

Statistical analysis was performed using R 4.1.2. The specific
statistical tests used are acknowledged in the legends to the
figures.

3. Results and discussion

The aim of this work was to investigate the effect of PRMT
inhibitors on GBM, a disease with clearly unmet clinical
needs. Building on our extensive experience with tumour-
on-chip approaches, we set out to design a a novel,
miniaturised perfusion system that enabled the
investigation of GBM cells and tissue at the molecular and
cell biology levels.

3.1. A new perfusion device that enables the maintenance of
primary GBM cell line spheroids

First, we tested our new perfusion system design using GBM
cell spheroids. We incubated U87-MG cell spheroids in the
perfusion device for two weeks and we did not observe any
increase in LDH release during that period, suggesting that
cell membrane integrity was maintained throughout
(Fig. 1Bi). We then treated U87-MG spheroids with TMZ in
the perfusion device and we observed a decrease in cell
viability after one- and two-weeks' treatment compared to
control (Fig. 1Bii).
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To assess how GBM spheroids responded to incubation in
the device at the molecular level, we compared gene
expression profiles of spheroids from two primary, patient-
derived, cell lines (GBM58 and GBM63)65 that were
maintained in the perfusion device for 72 hours versus
spheroids cultured in static conditions. We found 637 unique
DEGs (369 upregulated and 264 downregulated, padj < 0.05,
FC > 1.5) between spheroids maintained in the flow system,
compared to static conditions (Fig. 1C and D). GO term
enrichment analysis of DEGs identified GO terms associated
with cell migration, cell–cell communications (e.g.
proinflammatory cytokines), sugar metabolism, transcription
factor activity, extracellular matrix (ECM) interactions and
defence mechanisms, as well as the regulation of cell death
and oxidative stress, in either GBM58 or GBM63 spheroids
grown in the perfusion device vs. spheroids grown in static
cultures (ESI† Fig. S1 and Table S1). These results show that
GBM spheroids responded to the continuous flow of the
perfusion system through regulating key cancer pathways,
including GBM.66–69 Therefore, our system provided a useful
platform and a research opportunity to investigate GBM in
greater detail.

3.2. Maintaining fresh GBM biopsies in a viable condition in
the laboratory

Next, we investigated our model for the maintenance of GBM
biopsies from patients. We recruited tissue donors
undergoing brain tumour surgery for suspected GBM. During
surgery, surplus brain tumour tissues not required for
histopathological analysis were collected and transported to
our laboratory, where biopsies were maintained in
miniaturised devices (Fig. 2A). Through the analysis of cell
integrity, proliferation and apoptosis markers, we clearly
show below that biopsies remained viable for at least eight
days in the device under continuous flow of medium.

Firstly, we showed that cell integrity was maintained
during incubation. We collected daily samples of the effluent
and analysed LDH activity. Following the initial 24 hours in
the device, when elevated LDH levels were due to tissue
disruption during resection and handling, LDH activity
remained low for the duration of the experiments (Fig. 2B).
Tissue lysis at the end of the incubation period demonstrated
a peak of LDH. These are well-known patterns that indicate
that cell plasma membranes were intact during tissue
incubation in the device.24,26–28,70–72

Secondly, we showed that the cytokines released by GBM
tissues in the device remained the same for the duration of
the experiment. We assayed the levels of 105 cytokines in the
effluents corresponding to days 2, 4 and 8 of incubation. A
reduction in the number of cytokines or decreased levels of
cytokines released by tissues could indicate cell death. On
average, 63 cytokines, out of the 105 in the microarray, were
routinely detectable and quantifiable in effluents and the
top-10 most abundant were interleukin-8 (IL-8), Serpin E1,
Osteopontin, Chitinase 3-like 1, vascular endothelial growth

factor (VEGF), matrix metalloproteinase-9 (MMP-9),
macrophage migration inhibitory factor (MIF), monocyte
chemoattractant protein-1 (MCP1), insulin-like growth factor
binding protein-2 (IGFBP-2) and extracellular matrix
metalloproteinase inducer (EMMPRIN). We found no
statistically significant changes in the profiles of cytokine
secretion over time (Fig. 2E and S2†), which again supports
the notion that brain tumour tissues were maintained in a
viable condition in the perfusion device.

Thirdly, we showed that brain tumour cells did not
undergo apoptosis and even proliferated after eight days in
the perfusion device. We used immunohistochemistry to
compare the levels of cell proliferation and apoptosis
markers between paired samples of fresh biopsies (‘pre-
perfusion’) and tissues that had been maintained for eight
days in the perfusion device (‘post-perfusion’). We found that
post-perfusion samples conserved ca. 40% of the levels of the
cell proliferation marker Ki67, compared with pre-perfusion
samples (Fig. 2C). This was in line with our expectation of a
decrease in the proliferative capacity of brain tumour cells
eight days after surgical resection. To rule out that this
reduction was associated with cell death, we compared the
levels of the apoptosis marker cleaved-PARP between pre-
perfusion and post-perfusion samples. We found no
statistically significant difference in the levels of brain
tumour cell apoptosis in 11 paired post-perfusion vs. pre-
perfusion samples (Fig. 2D), meaning that incubation in the
device did not reprogramme cells to undergo death.

Finally, H&E staining, assessed by a neuropathologist,
showed that tissue architecture was maintained post-
perfusion (Fig. 2F and S3†). Collectively, these data clearly
show that our perfusion system maintained GBM biopsies in
a viable condition for at least eight days after resection.

3.3. GSK3368715 causes apoptosis of GBM tissues

Having shown that GBM biopsies could be maintained in our
perfusion system for eight days, we tested the hypothesis that
treatment of GBM tissue with PRMT inhibitors leads to
tumour cell death. For each of 10 patient samples, we ran
parallel devices where 1 μM GSK3368715 was included in the
medium feeding 3–4 devices, run alongside 3–4 controls
(DMSO, maximum 0.0004% or 56 μM) from the same GBM
biopsy. We assessed the effect of treatment on cell apoptosis
through measuring the expression of cleaved-PARP using
immunohistochemistry. We found a statistically significant
increase in the expression of cleaved-PARP in samples treated
with GSK3368715, compared to DMSO, untreated controls
(Fig. 3A and C). This indicated that GSK3368715 caused brain
tumour cell death (apoptosis) in a specific manner.

Given previous observations that inhibitors targeting
different types of PRMTs can have synergistic effects,49,53,54

we investigated any synergies between GSK3368715 (a type I
PRMT inhibitor) and other type I and type II PRMT inhibitors
in leading towards increased brain tumour cell death.
However, there were no evident synergies with any of the
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Fig. 2 GBM tissue can be maintained in the perfusion system in viable conditions for 8 days. A) GBM tissue was collected from the Hull Royal
Infirmary during surgery and taken to the University of Hull campus. Tissue was dissected into 20 mg ± 10% samples. Each sample was placed into
an individual perfusion device pre-filled with medium. Effluent was collected every 24 hours. B) Lactate dehydrogenase (LDH) activity was
measured in the effluent, collected every 24 hours over 8 days, via absorbance at 490 nm (A490nm) (n = 12, D8, D12, D14, D18–D21, D30, D31,
D33–D35, see Table 1). LDH activity decreased to 0.02 AU (absorbance units)/mg ± 0.011 at 48 hours and fluctuated minimally (F = 3.64, df = 1, p
= 0.06) between 0.02–0.025 AU mg−1 for the remaining 8 days, these fluctuations correlated with syringe refilling with medium at day 4. After 8
days, tissues were lysed to assess remaining LDH within the biopsies (n = 10), leading to a peak reading at 0.145 AU mg−1 ± 0.057 (indicated by red
arrow) (F = 63, df = 1, p = 1.32 × 10−7, compared to 48 hours). One-way ANOVA performed using R 4.2.0 after data transformation. C)
Immunohistochemistry of GBM tissue pre- and post-perfusion, with proliferative marker Ki67 (n = 15, D12, D14, D15, D18–D24, D30, D31, D33–
D35, see Table 1), relative to the post-perfusion control. Analysis was performed using R 4.1.2., using the Mann–Whitney U paired wilcox.test
function for comparison of medians (w = 168 p = 0.023). Mean Ki67 expression pre-perfusion was 2.06-fold ± 1.30 higher than post-perfusion (red
diamonds). Dashed lines indicate paired patient samples. D) Immunohistochemistry of GBM tissue pre- and post-perfusion with the apoptotic
marker, cleaved-PARP (n = 11, D19-D28 and D30), normalised to post-perfusion values. Analysis was performed using R 4.1.2., using the Mann–
Whitney U paired wilcox.test function for comparison of medians (w = 38, p = 0.151). Mean cleaved-PARP expression pre-perfusion was 0.609 ±

0.474-fold lower than post-perfusion (red diamonds). Dashed lines indicate paired patient samples. E) Cytokine expression in combined duplicate
effluents of control samples (n = 6) after 48, 96 and 192 hours in the perfusion device in arbitrary units (AU). Kruskal-Wallis test performed in R
4.1.2 (X2 = 0.134, df = 2, p-value = 0.935). F) Haematoxylin and eosin staining of GBM tissue pre- and 8 days post-perfusion. Images taken using
Olympus IX71 Inverted microscope, using CellSens software 1.18 (magnification ×100).
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Fig. 3 PRMT inhibition by GSK715 induces apoptosis in GBM tissue after 8 days. A) Immunohistochemistry of GBM tissue 8 days post-perfusion,
treated with DMSO control or 1 μM GSK3368715, with apoptotic marker, cleaved-PARP (n = 10, D19–D23, D25–D28 and D30, see Table 1). Analysis
was performed using R 4.1.2., using the paired t-test function. Mean cleaved-PARP expression in 1 μM GSK3368715-treated GBM tissue increased
2.17 ± 1.1-fold compared to cleaved-PARP expression in parallel control samples, as indicated by the red diamonds. Median cleaved-PARP
expression in 1 μM GSK3368715-treated samples: t = −4.52, df = 9, p = 0.001. B) Immunohistochemistry of GBM tissue 8 days post-perfusion,
treated with: DMSO (control, n = 11), 10 μM TMZ (n = 7), 1 μM GSK3368715 + 10 μM TMZ (n = 7), 1 μM GSK3368715 + 1 μM furamidine (n = 4), 1
μM GSK3368715 + 1 μM GSK591 (n = 4), or 1 μM GSK3368715 + 1 μM furamidine + 1 μM GSK591 (n = 4), with apoptotic marker, cleaved-PARP,
relative to the post-perfusion DMSO control. Analysis was performed using R 4.1.2 using the Kruskal_test function. The overall statistical
significance was borderline (statistic = 10.2, df = 5, p = 0.069), due to the co-treatments with GSK3368715, but there was no evidence of synergies
with other PRMT inhibitors or TMZ (compare with panel 3A). C) Representative IHC images from two 8 day post-perfusion DMSO controls and 1
μM GSK3368715-treated chips (D30), taken on Olympus IX71 Inverted microscope, using CellSens Entry v1.18, magnification ×40.
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combined treatments (Fig. 3B). We additionally combined
GSK3368715 with TMZ. In patients with MGMT promoter
methylation, TMZ is recognised to cause DNA damage
through the methylation of guanine at O6. The resulting O6-
meG is genotoxic due to its subsequent nucleotide
mispairing with thymine instead of cytosine during DNA
replication. The generation of DNA breaks, produced when
mismatch repair (MMR) enzymes attempt to cleave the O6-
meG adduct induces G2/M phase cell cycle arrest and
ultimately cell death.73,74 Given that the inhibition of PRMTs

impairs DNA damage repair mechanisms,75,76 we
hypothesised that the combined treatment of TMZ and
GSK3368715 would lead to synergistic effects against GBM.
To test this hypothesis, we collected seven biopsies and
exposed them for eight days to the combined treatment of
TMZ (10 μM) and GSK3368715 (1 μM) while maintained in
the device. We did not observe any significant enhancement
of GSK3368715-driven cell apoptosis upon TMZ co-treatment
(Fig. 3B), however, a possible explanation for this was the fact
that six out of the seven biopsies came back as negative for
methylation of the MGMT promoter (Table 1). Additionally,
here we used 10 μM TMZ as a lower-end clinically relevant
concentration;77–79 the possibility remains that higher but
relevant TMZ doses (e.g. 30–100 μM) cause GBM tissue
apoptosis and synergise with PRMT1 inhibitors in doing so.
Finally, we have done experiments at the eight-day end-point
only, and it is conceivable that longer incubation times may
lead to synergistic effects between GSK336715 and other
PRMT inhibitors or TMZ.

Taken together, these data show, firstly, that our perfusion
system enables the investigation of new drugs, and
combinations of them, against GBM. We routinely set up ten
devices in parallel containing tissue coming from the same
biopsy and we used 2–4 technical replicates (i.e. 2–4 devices
per condition, including control). Therefore, a maximum of
five combinations of treatments/concentrations could be
investigated using ten parallel devices. The limitation of our
approach towards becoming a higher-throughput screening
tool was brain tumour tissue availability, and future drug
screening efforts, including towards e.g. the optimisation of
PRMT inhibitor concentrations, could include multiplexed
microfluidics strategies using brain tumour tissue slices.80,81

Secondly, our results warrant further (pre)clinical research
into the use of GSK3368715, or next-generation type I PRMT
inhibitors, to cause apoptosis of GBM tissue. This is
supported by previous observations of the anti-tumour effects
of GSK3368715 in cell lines and animal models.49,50

3.4. Cross-talk between asymmetric and symmetric arginine
methylation in clinical samples

Cross-talk between different types of PRMTs has not yet been
established in clinical samples, mainly because of the
difficulty of treating tissue ex vivo with PRMT inhibitors for a
long enough period of time. To assess whether our perfusion
system could shed light onto this standing question, we
treated biopsies with 100 nM MS023 for eight days while
maintained in the devices and analysed the patterns of mMA,
aDMA and sDMA in these samples. As expected, we observed
that treatment with the type I PRMT inhibitor MS023
generally led to reduced protein aDMA (ESI† Fig. S4). Of note,
treatment also led to the observation of new or more intense
proteins bands recognised by antibodies targeting mMA and
sDMA (Fig. 4A, B and S5†).

To further understand the nature of these cross-talk
events, we set out to identify the major proteins modified by

Table 1 Clinical data from 40 donors (D). Anonymised sample IDs were
allocated to each donor. During routine histopathological analysis, it was
noted whether the tumour is primary or recurrent. Molecular markers of
interest included isocitrate dehydrogenase (IDH) mutation status; O(6)-
methylguanine-DNA methyltransferase (MGMT) promoter methylation
status; epidermal growth factor receptor (EGFR) amplification and
telomerase reverse transcriptase (TERT) promoter mutation status. ‘+’
indicates mutation or presence of molecular marker, ‘—’ indicates
wildtype, or absence of molecular marker. Clinical and histopathological
data were not known at the time of tumour setup in the perfusion device.
Samples D12, D18, D29 and D38 were collected before the change in
GBM classification in 2021, and were therefore retained in this study

Sample ID Sex Type IDH MGMT EGFR TERT

D1 F — —
D2 M — +
D3 M — — +
D4 M — —
D5 M — — +
D6 M — —
D7 F — +
D8 M — —
D9 F — —
D10 M — — +
D11 M Recurrent — — —
D12 F + — —
D13 M — —
D14 M — — — +
D15 F — + — —
D16 M —
D17 F — + +
D18 F Recurrent + — +
D19 M Primary — +
D20 M Primary — + +
D21 F Primary — + —
D22 F Primary — + — —
D23 M Primary — — +
D24 M Primary —
D25 M Primary — +
D26 M Recurrent — —
D27 F Primary — — +
D28 M Primary — —
D29 M + +
D30 M Recurrent — —
D31 M Primary — — +
D32 M Recurrent — — +
D33 M Primary — + +
D34 M Primary —
D35
D36 F — — +
D37 M Primary —
D38 F Recurrent + — +
D39 M Primary — — +
D40 M — +
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Fig. 4 Treatment with a type I PRMT inhibitor leads to cross-talk with type II PRMTs A) Western blots of GBM samples treated with MS023
alongside controls (no treatment). Seven GBM samples from different donors (D codes) are shown, each treated with 100 nM MS023 for eight days
(192 hours). The intensity of a 70 kDa protein band recognised by SDMA-specific antibodies increased in 6 out of the 7 samples analysed (red
arrows). B) Western blot analysis of five GBM samples, each treated with 100 nM MS023 for eight days. The intensity of a 70 kDa protein band
recognised by MMA-specific antibodies increased in 4 out of the 5 samples analysed (red arrows). We also observed that the intensity of other
SDMA and MMA marks decreased in one of the samples (D12, green arrows). GAPDH or actin were used as loading controls. C) Western blot
showing the overlap between the protein bands recognised by the FUS (i, left) and SDMA antibodies (ii, middle). The merged image (iii, right) was
coloured green for FUS signals and red for SDMA signals, with overlaps in black. Actin was used as a loading control.
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mMA and sDMA after treatment of GBM tissue with MS023.
Using a 13CD3 methyl-SILAC design and mass spectrometry,
we identified a total of 316 peptides bearing light- and 19
peptides bearing heavy-mMA modifications in brain tumour
lysates (133 and 10 peptides labelled with light- and heavy-
mMA groups, respectively, in ‘pool 1’, and 183 and 9 peptides
with light- and heavy-mMA groups, respectively, in ‘pool 2’,
ESI† Table S2). One such arginine methylation site, R394 in
the RNA-binding protein FUS, showed the light/heavy mMA
signature of being mono-methylated only in samples treated
with MS023, and not in controls, that is, a light mMA
modification in ‘pool 1’ in the absence of a heavy mMA
modification, and a heavy mMA modification in ‘pool 2’ in
the absence of a light mMA modification (Table 2). To test
the hypothesis that the 70 kDa sDMA protein band in
samples treated with the type I PRMT inhibitor MS023 (red
arrows in Fig. 4A) was due to symmetric dimethylation of
FUS, we analysed protein lysates using western blot. We
found that the protein bands recognised by the sDMA and
FUS antibodies overlapped (Fig. 4C).

Taken together, these results show, firstly, that our
perfusion system enables the biochemical modification of
proteins in GBM tissue maintained in the devices. Although
the number of heavy-labelled peptides was low, this is proof-
of-concept that our model preserves cell metabolism
(necessary for the synthesis of the methyl donor SAM from
13CD3-Met) and endogenous enzyme activity, and can
therefore facilitate molecular investigations of brain tissues
ex vivo. Secondly, our results show that cross-talk between
type I and type II PRMTs does occur in clinical samples. This
is important because PRMT inhibitors are in clinical trials,
and cross-talk events could lead to possible off-target side
effects. Indeed, the monitoring of any side-effects of PRMT
inhibitors is a recognised need,82 in particular in the light of
recent investigations of the effect of PRMT inhibitors on
platelets83 and the termination of several clinical trials using
PRMT1 inhibitors, including GSK3368715 (e.g. NCT03666988,
NCT03854227).

FUS is a DNA/RNA binding protein that plays well-known
roles in the response to DNA damage and in the regulation
of transcription, including alternative RNA splicing. FUS is
expressed at high levels in GBM compared with normal

tissue, and its expression is associated with poor
differentiation, poor prognosis and greater metastasis.84,85

Loss of FUS leads to reduced non-homologous end joining
and homologous recombination, as well as to DNA
damage.86,87 FUS has been implicated in the pathogenesis of
GBM through interactions with microRNAs and long non-
coding RNAs (LINC00470 (ref. 88) and ADAMTS9-AS2).89 FUS
is thought to regulate the long non-coding RNA TSLNC8 and
the microRNA miR-10b05p to ultimately block the Hippo
signalling pathway and promote malignancy in glioma
cells.90 FUS positively regulates the transcription of SMO-
193a.a, a circular RNA that encodes for the Smoothened
homolog (SMO) protein, which transduces hedgehog
signalling to promote proliferation and self-renewal.91 FUS
has also been shown to promote angiogenesis in GBM
through upregulation of the circular RNA circ_002136,
forming part of a positive feedback loop involving miR-138-
5p, SOX13 and SPON2.92

FUS is well-known to be methylated by PRMT1 at several
sites,93,94 including at R394.95 Arginine methylation of FUS is
associated with the activation of survivin and the inhibition
of apoptosis.96 Arginine methylation is generally known to
regulate RNA binding proteins interactions with RNA.97 It is
tempting to speculate that PRMT1 inhibition leads to the
symmetric methylation of FUS and that this contributes to
changes in FUS–RNA interactions and to the observed
increase in cell apoptosis after treatment (Fig. 3A). It is
known that aDMA of FUS can induce cytoplasm–nucleus
translocations98 and regulate FUS–protein interactions,99

however, the specific role of sDMA of FUS is unclear. Other
groups have found, using cell lines, that the arginine
methylation status of FUS changes to sDMA after treatment
with PRMT1 inhibitors, including at R394.49,53 FUS is also
known to be methylated by PRMT5,100 which facilitates the
binding of FUS to p62, a protein involved in autophagy.101 In
summary, the switch to sDMA in FUS could contribute to the
mechanisms underlying the effects of PRMT inhibitors on
GBM cell death. This hypothesis is supported by recent
observations of changes in the dimethylation patterns of FUS
in cells under stress (oxidative stress, heat stress),102 however,
it is not consistent with the lack of synergistic effects
between type I and type II PRMT inhibitors in causing cell

Table 2 Identification of FUS peptides labelled with 13CD3 while GBM samples were maintained in the perfusion device. Pool 1: lysates from samples
treated with light Met and MS023, pooled with lysates from control samples treated with heavy Met. Pool 2: lysates from samples treated with heavy
Met and MS023, pooled with lysates from control samples treated with light Met. FUS position indicates the arginine residue identified as methylated in
the FUS sequence. Expected MW is the molecular weight of the peptides that would be expected in the absence of any methylation. Observed MW is
the actual molecular weight of the peptides, including light or heavy methyl additions. Mass error is the difference between the observed MW and the
theoretical molecular weight for modified peptides. −10 logP indicates the probability of the identification, please note that a −10 logP of 13 equates to
p < 0.05. The methylation site localisation probability is given as the AScore in the last column – the AScore is the −10 logP of the site localisation
probability

Pool FUS peptide (P35637)
FUS
position

Expected
MW

Observed
MW

Mass
error −10 log P AScore

1 GGYGGGGSGGGGR(+14.02)GGFPSGGGGGGGQQR 407 2250.9862 2265.002 −0.5 34.93 R13:19.24
1 GGPMGR(+14.02)GGYGGGGSGGGGR(+14.02) 394 & 407 1549.6803 1577.7117 1.1 24.35 R6:1000; R19:1000
2 GGRGR(+18.04)GGPMGR(+18.04)GGYGGGGSGGGGR 388 & 394 2032.9469 2069.0227 −0.4 24.5 R11:5.09
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Fig. 5 RNA-seq analysis reveals major effects of treatment with GSK3368715 at a transcriptomic scale. A) Principal component analysis (PCA) of
gene expression levels in control (‘CTRL’) and 1 μM-GSK3368715-treated (‘EXP’) GBM tissues, n = 4 (D31-D34). Bi) Venn diagram showing the
number of upregulated DEGs in each of the four treated samples, compared to each control counterpart. ii) Venn diagram showing the number of
downregulated DEGs in each of the four treated samples, compared to each control counterpart. C) Gene expression after RNA-seq analysis of
GBM patient samples, 8 days post-perfusion and treated with 1 μM GSK3368715 vs. DMSO control. Volcano plots created using the
EnhancedVolcano package in R4.1.2. Blue data points indicate significantly (padj < 0.05) downregulated (fold change <−1.5) differentially expressed
genes (DEGs), yellow data points indicate significantly upregulated (fold change >1.5) DEGs and black data points indicate non-significant gene
expression in donor samples i) D31, ii) D32, iii) D33 and iv) D34.
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death (Fig. 3B). It is possible that longer treatment with
higher PRMT inhibitor concentrations may result in
observable synergistic effects towards increased cell
apoptosis. However, this would also push the limits of lab-
on-a-chip systems to maintain tissue viability for extended
periods of time, and of the clinical relevance of PRMT
inhibitor concentrations used.

3.5. Treatment with PRMT inhibitors can induce major
changes in the transcriptomic profiles of GBM tissues

To better understand the effects of treating GBM biopsies
with PRMT inhibitors, we analysed the transcriptome of
biopsies treated with GSK3368715 (1 μM). We analysed four
biopsies (D31–D34, Table 1) and performed RNAseq analysis
of tissues treated for eight days in the perfusion system,
compared to controls (i.e. no treatment). A total of 36 459
transcripts were sequenced at depths between 34 and 60
million reads per sample. Not surprisingly, we observed that
the variance between samples was best explained by
interpatient heterogeneity (Fig. 5A). A paired analysis found a
total of 16 869 DEGs (FC > 1.5) between treated and control
samples (Fig. 5B and C). Consistent with the PCA results, the
vast majority of DEGs were in samples D32 and D33. It is
tempting to speculate that these two samples seemed to
respond to treatment with GSK3368715, as opposed to D31
and D34, and further work is warranted to investigate the
hypothesis that tissues can be classified between
‘respondent’ and ‘non-respondent’ to PRMT inhibitor
treatment. Alternatively, the large number of DEGs in treated

samples D32 and D33 could stem from intratumour
heterogeneity, although we had controlled for this by pooling
tissues from 2–3 devices together from each condition
(control or treated).

For the purpose of analyses of DEGs in the current work,
we decided to perform GO term analysis in DEGs identified
in two or more treated tissues. In downregulated DEGs, we
found large and highly significant enrichments in GO terms
associated with the ribosome and translation (ESI† Fig. S6
and Table S3). This indicates decreased protein synthesis
capacity after treatment, which is consistent with the
observation of cell apoptosis. In upregulated DEGs, we found
modest enrichment in terms related to transcription, cell–cell
communication, adhesion, migration and cell surface (ESI†
Fig. S7 and Table S3). We also found a total of 6171 genes
undergoing alternative splicing events in treated compared to
control samples (Fig. 6A), which is compatible with a
mechanism where changes in the arginine methylation
pattern of FUS, a member of the spliceosome, upon
GSK3368715 treatment contribute to alternate gene splicing.
Mutation of arginine methylation sites in FUS is associated
with neurodegenerative diseases, such as amyotrophic lateral
sclerosis, and leads to widespread intron retention in RNA-
binding proteins.103 Similarly, FUS knockdown leads to
hundreds of alternative splicing events in human and mouse
brains.104,105 Changes in the arginine methylation patterns of
FUS, for example through inhibition of type I PRMTs with
GSK3368715, also lead to splicing defects,49,100 largely exon
skipping as in our data set,44 including through the
regulation of FUS cellular localisation.98,106

Fig. 6 Treatment with GSK3368715 results in hundreds of alternative splicing events A) Venn diagram showing the number of alternatively spliced
genes in each of the four 1 μM GSK3368715 treated samples (D31–D34), compared to each DMSO control counterpart. B) STRING analysis of
connections between the genes found to be differentially alternatively spliced in four samples, and FUS. Out of the 132 genes and FUS, only those
displaying connections are shown.
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There are hundreds of known FUS gene splicing targets.104

We asked how many of these were detected in our gene
splicing dataset. There were more differential gene-splicing
events in D32 and D33 samples but, in contrast to our DEG
analysis, also a considerable number in D31 and D34
samples. For consistency, we decided to focus on those
events conserved in 2 or more samples. Out of the 2455 genes
undergoing differential alternative splicing in two or more
treated samples compared to control, 136 were known FUS
gene splicing targets (more than expected by chance, χ2 =
7.16, p = 0.007) and 91 had previously been observed after
treatment of cell lines with GSK3368712 (structurally similar
to GSK3368715).44 STRING network visualisation of the
alternatively spliced genes was done, for clarity, on the 132
events conserved in the four samples (Fig. 6B). We found
enrichment in annotated keywords related to alternative
splicing (KW-0025, 92 of the 132 proteins in our data set vs. a
total of 10 179 in the human genome, FDR 3.92e-06) (ESI†
Table S4). The broader GO analysis of conserved alternative
splicing events in two or more samples revealed enrichment
in terms related to DNA damage, RNA processing and cell
death (ESI† Table S5). Taken together, our results provide a
mechanism to explain how GSK3368715 causes apoptosis of
GBM biopsies (Fig. 3A), that is, through modifying RNA
processing, gene splicing and protein translation, which are
well-known regulators of apoptosis in GBM.107–110

4. Conclusions

The highlights from our work are, first, a novel perfusion
device that maintained GBM cell spheroids (Fig. 1) and brain
tumour tissue samples in viable conditions for at least eight
days, as judged by proliferation, apoptosis, LDH, cytokine
and H&E analyses (Fig. 2). Second, our data show that PRMT
inhibitors caused a two-fold increase in apoptosis of GBM
tissues, compared with the parallel, untreated control
(Fig. 3). This opens the door to the use of PRMT inhibitors in
the clinical setting against brain tumours, especially as PRMT
inhibitors have already been trialled against other cancers.
Third, we present clear evidence of cross-talk between aDMA
inhibition and the occurrence of protein mMA and sDMA, for
the first time in clinical samples (Fig. 4). Finally, we show
that treatment of GBM tissues led to hundreds of alternative
splicing events (Fig. 6), which were consistent with changes
in the arginine methylation status of FUS, and to thousands
of DEGs with enrichment in GO terms relevant to apoptosis
(Fig. 5). In conclusion, we have advanced the understanding
of the effects of PRMT inhibitors on GBM, a disease very
much in need of novel treatment strategies, by developing a
miniaturised perfusion device that enables the testing of new
drugs against brain tumours with timeframes compatible
with patient clinical management. Results also suggest that
our model can be useful to identify respondents and non-
respondents to drugs and therefore the most appropriate and
effective treatments against individual tumours at specific
times towards precision medicine.
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