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ARTICLE INFO ABSTRACT

Introduction: Pre-clinical testing of small molecules for therapeutic development across many pathologies relies
on the use of in-vitro and in-vivo models. When designed and implemented well, these models serve to predict
the clinical outcome as well as the toxicity of the evaluated therapies. The two-dimensional (2D) reductionist
approach where cells are incubated in a mono-layer on hard plastic microtiter plates is relatively inexpensive
but not physiologically relevant. In contrast, well developed and applied three dimensional (3D) in vitro models
could be employed to bridge the gap between 2D in vitro primary screening and expensive in vivo rodent mod-
els by incorporating key features of the tissue microenvironment to explore differentiation, cortical development,
cancers and various neuronal dysfunctions. These features include an extracellular matrix, co-culture, tension and
perfusion and could replace several hundred rodents in the drug screening validation cascade.
Methods: Human neural progenitor cells from middle brain (ReN VM, Merck Millipore, UK) were expanded as in-
structed by the supplier (Merck Millipore, UK), and then seeded in 96-well low-attachment plates (Corning, UK)
to form multicellular spheroids followed by adding a Matrigel layer to mimic extracellular matrix around neural
stem cell niche. ReN VM cells were then differentiated via EGF and bFGF deprivation for 7 days and were im-
aged at day 7. Radiotherapy was mimicked via gamma-radiation at 2Gy in the absence and presence of selected
DYRK1A inhibitors Harmine, INDY and Leucettine 41 (L41). Cell viability was measured by AlamarBlue assay.
Immunofluorescence staining was used to assess cell pluripotency marker SOX2 and differentiation marker GFAP.
Results: After 7 days of differentiation, neuron early differentiation marker (GFAP, red) started to be expressed
among the cells expressing neural stem cell marker SOX2 (green). Radiation treatment caused significant mor-
phology change including the reduced viability of the spheroids. These spheroids also revealed sensitizing poten-
tial of DYRK1A inhibitors tested in this study, including Harmine, INDY and L41.
Discussion & conclusions: Combined with the benefit of greatly reducing the issues associated with in vivo rodent
models, including reducing numbers of animals used in a drug screening cascade, cost, ethics, and potential ani-
mal welfare burden, we feel the well-developed and applied 3D neural spheroid model presented in this study will
provide a crucial tool to evaluate combinatorial therapies, optimal drug concentrations and treatment dosages.
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some aspects of this situation. Among all of these 3D models, multicel-
lular spheroids artificially grown using 3D in vitro techniques such as
modified surfaces, scaffolds [2], or bioengineered devices such as biore-

1. Introduction

Human cells have been cultured for decades as in vitro models for

the preclinical testing of potential disease therapies. When cultured on
a plastic surface, which is the usual case for conventional in vitro mod-
els, the phenotypes of the cells start to deviate from their original tis-
sue, potentially yielding misleading phenotypic read-outs which fail to
predict the clinical behaviour of the therapeutics they were used to
test [1]. Three-dimensional models have been developed to overcome
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actors [3] to support a biologically active environment, are seen as a
promising type of advanced in-vitro models to initially reduce and even-
tually replace current conventional in-vitro and in-vivo models. Cerebral
organoids are emerging tools to model neural differentiation [4], cor-
tical development [5], brain cancers [6] and various dysfunctions such
as Parkinson's [7]. The abilities of the neural stem cells to self-assemble
and carry on growing and differentiation are intriguing features which
allow cerebral organoids to mimick a range of three-dimensional mi-
croenvironment factors, including but not limited to biological, chemi-
cal and mechanical cues [8].
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DYRKI1A (dual-specificity tyrosine-(Y)-phosphorylation-regulated ki-
nase 1A) is an attractive target first obtained attention by its highly
expression in Down's Syndrome (DS) [9]. Clinical evidence also sug-
gest that it is involved in other neurodegenerative pathologies such as
Parkinson's [9,10]. It plays roles in neurogenesis [11,12] and relevant
retina development [13]. The possibility to target DYRK1A to treat can-
cer was first hinted by the report that DS patients have lower chance of
getting cancer [14]. DYRK1A has also found to regulate angiogenesis,
which is a vital step for cancer metastasis [15,16]. However in contrary
to its relatively clear roles in neural development and function, the ex-
act mechanism of how DYRK1A regulate cancer progress remains mostly
unknown [14,17], with most attempts focus on the cancers with low
survival rate [18]. Among these, brain tumours are one group of cancer
types with highly unmet needs, and there are considerable amount of
observations that DYRK1A is highly likely to be involved in this deadly
type of neural malignancy [19]. Blood brain barrier (BBB) is the natural
barrier for the conventional chemotherapy thus makes radiotherapy par-
ticularly important first-line choice to treat brain tumours [19,20].

In our previous studies, we employed morphology analysis using 3D
imaging and image analysis to evaluate 3D in vitro models [21,22] to
great advantage. However, our previous research was mostly focused on
immortalized cancer cell lines. Here, for the first-time, neural progen-
itor cell line have been cultured on a low-attachment surface to form
multicellular, differentiated spheroids. The aims of this study are to ex-
tend the classic multicellular spheroids into the neural stem cell field, to
mimic the normal brain tissue which can potentially be influenced by ra-
diotherapy regimes required to treat the adjacent tumour tissue, and to
demonstrate the advantages of these spheroids over the 2D model with
3Rs (replacement, reduction and refinement) potential. In addition, to
further demonstrate the application potential of this model a collection
of representative DYRK1A inhibitors will be tested and the responses of
the ReN spheroids regarding to morphology changes and viability will
be investigated.

2. Methods
2.1. Maintenance of ReN VM cells

Tissue culture flasks or well-plates were coated with laminin diluted
1:100 in ReN maintenance medium (Merck Millipore), then the cells
were thawed based on supplier's instructions (Merck Millipore) and ex-
panded in ReN growth medium, which is the ReN maintenance medium
supplemented with EGF 20 ng/mL, and bFGF 20 ng/mL. Before the 3D
culture, all the cells were cultured in a humidified incubator at 37 °C
with 5% CO,. Once 70% confluency was reached, the ReN VM cells were
passaged with accutase solution (Thermo Fisher).

2.2. 3D multicellular spheroid formation and treatment

The spheroids from ReN VM cells were formed using a protocol
adapted from a previously reported method [21,22]. Briefly, cells were
cultured on low-attachment U-bottom 96-well plates (Corning-Costar).
The novelty compared with previous method is the addition of a
thin-layer of Matrigel after 24 h of cell seeding inspired by previous re-
ports [21,22]. After four days, the spheroids with self-assembled 3D
structures were formed and may be treated by planned regimes as 3D in
vitro models for pharmacology or toxicology. The inhibitors were pre-
sent in the culture medium for 7 days and the images were taken at day
7. To mimic radiation therapy, these neural spheroids were radiated by
an X-ray radiator for a constant dose of 2Gy. The whole experiment de-
sign is depicted in Fig. 1(A).

2.3. AlamarBlue assay

Overall cell viability of the spheroids was assessed by AlamarBlue
assay (Invitrogen) based on previously reported protocol adapted from
the manufacturer's instructions [3,21]. Briefly, AlamarBlue solution was
incubated in each well for 2.5 hours, then the fluorescence intensity
at 560 nm excitation and 590 nm emission was measured using a mi-
cro-plate reader (WALLAC VICTOR2 1420 multilabel counter model,
PerkinElmer, UK).

2.4. Spheroids whole fixation and immunofluorescence staining

ReN VM spheroids in matrix were fixed by 4% PFA for at least 15min
and stained using a protocol modified from previous studies. The sam-
ples were first washed using PBS - glycine (100 mM glycine in PBS)
three times, then blocking buffer (10% goat serum (Sigma), 1% goat F
(ab’)2 anti-mouse immunoglobulin G (ThermoFisher, A24514) in stain-
ing buffer (PBS supplemented with 0.2% TritonX-100, 0.1% BSA, and
0.05% Tween 20) was added. The samples were then incubated with pri-
mary antibodies at 4 °C overnight or at room temperature for 1.5 hours,
followed by incubation in suitable second antibodies (Human anti-rat
Alexa 555 A21434, human anti-rabbit Alexa 488 A27034) at room tem-
perature for 45 min and finally were mounted with diaminophenylin-
dole (DAPI) mounting medium (Abcam, UK). Images were taken and
processed on a confocal microscope (Nikon, UK).

2.5. Image analysis and display

For image analysis on microscopy images, ImageJ (NIH) was ap-
plied to quantify the metrics of the fluorescence images. Briefly, images
were opened in the programme, the RGB images were converted into
8-bit type, then the channels were split using ‘Colour — Split Channels’
function under the ‘image’ tab. The images were then segmented using
‘Adjust-Threshold’ function under the 'image' tab. To create a profile of
fluorescence intensity, a line was drawn using the 'straight' tool among
the available drawing tools along the area of interest and the function
‘Analyze—Plot Profile’ was applied. For structural display of compounds
binding to DYRK1A, PyMol (https://pymol.org/2/) was used by ‘fetch’
command followed by the relevant PDB codes from the publicly avail-
able database (https://www.rcsb.org/).

3. Results

Development of multicellular spheroid model formed by human
neural progenitor cell line ReN VM in extracellular matrix replacement
Matrigel.

Compared with the ReN VM cells simply embedded in Matrigel as
in Fig. 1(B)(b), or the ones just grown on low-attachment surface as in
Fig. 1(B)(a), ReN VM cells formed single 3D spheroids in each well af-
ter 4 days grown on low-attachment surface as in Fig. 1(B)(c). This was
followed up by 7 days growing in a thin-layered sandwich structure of
Matrigel as depicted in Fig. 1(A)(c)-(d). Shown in Fig. 1(B)(d), neu-
rite-like outgrowth started to form on the edge of spheroids.

3.1. ReN VM spheroids responded to gamma-radiation

It was first noticed that these spheroids were sensitive to radia-
tion treatment indicated by observable smaller diameters after the ra-
diation, as shown in Fig. 2(A). Immunofluorescence staining in Fig.
2(B) shows that after 7 days of differentiation, the spheroids still ex-
pressed pluripotency marker SOX2, however with considerable cells
stained positive for the astrocyte marker GFAP. Interestingly, by plotting
the distribution of grayscale intensity to the distance, it was revealed
that after the radiation the heterogeneity of SOX2 expression signifi-


https://www.rcsb.org/

X. Wan et al. / Biochemical and Biophysical Research Communications xxx (xxxx) 1-8 3

L bottom LA well
10% Matrigel solution
(b)

Loosae spharoids
'

Compact
(c) spheroids
R“diaﬁgjg} 7 days Compeunds

- — | S—-
(d) ' ' ' Morphology analysis

Spheroids
with outgrowth

(A)

(B)

Fig. 1. Experiment design (A) Schematic flowchart of the ReN 3D spheroid model formation and treatment. (B) Representative images of model optimization: (a) ReN VM cells cultured
on low-attachment surface only did not form a controllable spheroid; (b) ReN VM cells cultured in Matrigel only formed a branch morphology which was hard to segmented and analysed;
(c) ReN VM cells cultured on U-shaped low-attachment surface in Matrigel formed a singular spheroid, with neurite-like structures growing out providing a potential morphology feature
used to evaluate effects of tested compounds (d) A zoomed-in image of the neurite-like protrusion growth. Red arrows point to a few representative protrusions similar to neurite growth.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cantly increased, indicated by a more uneven pattern of the fluores-
cence intensity signals in Fig. 2(B). Cell viability test by AlamarBlue
assay supported the fact that radiation significantly decreased the pro-
liferative activity of these ReN VM spheroids, as shown in Fig. 2(C)
(p-value = 0.02937 based on Student's T-Test, n = 4).

3.2. DYRK1A inhibitors induced neurite-like outgrowth in ReN VM
spheroids

A brief search was done using the publicly available databased PDB
to select three representative DYRK1A inhibitors Harmine, INDY and
Leucettine 41 (L41) (Fig. 3(A)). A Python-based programme PyMol
was applied to visualise the binding of these three inhibitors with the
kinase, and the images were displayed in Fig. 3(B). AlamarBlue as-
say was performed with ReN VM spheroids upon 7 days treatments
of 3 uM L41, INDY and Harmine. The results suggested that, although
all the DYRK1A inhibitors showed decreased overall cell viability com-

pared with the control group, only Harmine had significant cytotoxicity
(Fig. 3(C)) (p-value = 0.0011 by Student's T-Test). Thus, it is interest-
ing to observe in this study that neurite-like outgrowth formed by the
treatment of INDY 3 uM, while no obvious outgrowth was observed in
Harmine-treated group like INDY as in Fig. 4(A), although Harmine at
the same concentration had the highest cytotoxicity (Fig. 3(C)) based
on AlamarBlue assay.

3.3. DYRK1A inhibitors sensitized the ReN VM spheroids to the radiation

It was noticed that after treated by DYRK1A inhibitors, most spher-
oids have smaller diameters compared with the control group (Fig.
4(A)). In the presence of INDY and L41, radiation significantly decreased
the viability of the ReN VM spheroids compared with the control group
as shown in Fig. 4(B) (p-value = 0.0294 for INDY, p-value = 0.005
for L41). Comparing the INDY and L41 treated groups without and
with the radiation also confirmed the efficacy of the com-
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Fig. 2. ReN-Matrix spheroids are sensitive to radiation. After 7 days of differentiation, neuron early differentiation marker (GFAP, red) started to be expressed among the cells expressing
neural stem cell marker SOX2 (green). However, radiation induced the diameter decrease as well as a heterogeneity among cell populations, indicated by a gradient of fluorescence inten-
sity labelled by pluripotency marker SOX2 and differentiation marker GFAP. (A) Representative pictures; (B) Profile plotting of the grayscale intensity, featured by signals from the green
channel. Quantification of the viability by AlamarBlue and visualized by Box and Wisker plotting. P = 0.02937 based on Student's T-Test, n = 4. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

bination of radiation and those two DYRKIA inhibitors
(p-value = 0.021 for INDY, p-value = 0.003 for L41). Interestingly, the
neurite-like structures were enhanced by the DYRK1A inhibitors INDY
and L41, as was firstly noted in the bright-field images in Fig. 4(A). Fur-
ther investigation using immunofluorescence revealed that a co-localisa-
tion pattern of progenitor marker SOX2 (green fluorescence) and astro-
cyte-like marker GFAP (red fluorescence), as shown in Fig. 4(C). This
suggests a potential differentiated phenotype [21] and provided a possi-
ble explanation for the radio-sensitisation effects of INDY and L41 [23].

4, Discussion

Pre-clinical testing of therapeutics such as radiotherapy relies on
the use of in-vitro and in-vivo models. These models serve to predict
the clinical outcome as well as the toxicity of the evaluated therapies.
It is widely acknowledged that human brain is one of the hardest to
be modelled in vitro. Spheroids have been applied in this area [24].
Our previous reports demonstrated the potential of morphology analysis
on the implying the maintenance of viability of the cells in the spher-
oids and a differentiated phenotype change [21]. Paediatric GBM is one
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Fig. 3. DYRKI1A inhibitors were chosen as evaluation compounds to test ReN-Matrix model. (A) Structures of the three compounds tested on ReN VM spheroids: Harmine, INDY and
Leucettin 41 (L41). (B) Choice of the DYRK1A inhibitors in this study: visualisation of Harmine and L41 binding to DYRK1A (Human) supported by PDB (https://www.rcsb.org/) and Py-
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Mol (https://pymol.org/ep). (C) Cell viability tested by AlamarBlue showing the significant inhibition on the overall cell viability of the ReN VM spheroids after the 7 days in the presence
of the DYRK1A inhibitors at the concentration of 3uM. *p < 0.05, ** <0.01 based on Student's T-Test.

of the most common cancer in children and radiation is a commonly
used therapy for patients [25] Notably, neural stem cell niche is the
most sensitive area to the toxicity caused by cancer treatment, including
radiotherapy and chemotherapy, and treatment-induced damage to NSC
causes cognitive defect in patients [26]. Fig. 2 in this study might sup-
port this as the radiation reduced the pluripotency marker SOX2 expres-
sion in the ReN VM cells. These models will hopefully be used not only
to study neural development but also neural oncology such as GBM, as
currently most knowledge in GBM obtained from animal models rather
than human-derived models [25]. In addition, previous reported studies
have shown that DYRK1A inhibitors have anti-cancer potential in sup-
pressing the growth of GBM, NSCLC and PDAC [18,19,27].

DYRK1A has been studied for neural development for decades.
DYRKIA inhibits cell cycle progression via regulating the expression
of Cyclin D1 and cyclin-dependent kinase (CDK) inhibitor p27 [28].
DYRKIA also inhibits the proliferation of neuronal cells by phospho-
rylating p53, leading to the activation of CDK inhibitor p21-mediated
cell cycle arrest [12]. By facilitating the assembly of dimerization part-
ner (DP), retinoblastoma (RB)-like, E2F and MuvB (DREAM) complex,
DYRKI1A promots quiescence and senescence [29]. Moreover, previ-
ous studies showed that DRYK1A deregulates neuron-restrictive silencer
factor (REST/NRSF) and reduces pluripotency of embryonic stem cells
[30]. Other neurogenesis pathways such as Notch signalling [31] and
canonical WNT pathways [32] were also interact with DYRK1A. Con-
siderable evidence suggesting that DYRK1A inhibitor such as Harmine
might induce NSC proliferation and differentiation [11,33], the neu-
rite-induction effects observed in this study can possibly be explained by
this differentiation induction capacity of DYRK1A inhibition.

The seek and choice of DYRK1A inhibitors remain intriguing topics
on their own. Studies already looked into the neuroprotection poten-
tial of DYRK1A inhibitor EGCG, which is a green-tea derived compound
[34,35]. However, later reports suggested selective DYRK1A inhibitors
such as Harmine and INDY would be better options, suggesting many
off-target effects of EGCG [36]. The cytotoxicity of these tested DYRK1A
inhibitors, implied by reduced cell viabilities here on the 3D ReN VM
spheroids demonstrated that the neuroprotective effect of well-known
EGCG cannot be generalised. In addition, Harmine and INDY were re-
ported to bind to similar domains of DYRK1A, whereas the latter has
a higher selectivity [36]. Thus, it is very interesting to observe in this
study the distinctive effects of Harmine and INDY on the ReN VM spher-
oids — Harmine significantly reduced the cell viability of the spheroids
even in the absence of the radiation, while INDY only inhibited the
spheroid viability after the radiation treatment. In addition, at the same
concentration (3 pM), INDY induced the growth of neurite-like struc-
tures whereas Harmine did not have the similar effect.

Glioma stem cells and their surrounding stroma such as vasculature
have been reported to drive GBM formation and progression [37], and
are highly radioresistant [20]. Future investigation might look into the
potential of DRYK1A inhibition for radiosensitisation in GBM stem cells,
as well as consider the co-culture with other stromal cells such as vascu-
lar endothelial cells. In conclusion, in this study: 1. A 3D in vitro model
of neurotoxicity was established and 2. The model was validated by be-
ing tested in radiation mimicking radiotherapy; 3. Application of the
model to test the effects of a collection of representative DYRK1A in-
hibitors suggested that these compounds have the potential to sensitise
the neural stem cells to radiation.
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Fig. 4. DYRK1A sensitized ReN VM spheroids to radiation treatment. (A) Representative images of ReN VM spheroids upon INDY treatment (3 pM); Harmine treatment (3 pM); L41
treatment (3 pM). (B) Immunofluorescence images showing the neurite-like structures of the ReN VM spheroids have co-staining of SOX2 and GFAP. Scale bar: 100 pM. (C) AlamarBlue
viability assay showing the addition of DYRK1A inhibitors significantly reduced the viability of ReN VM spheroids post-radiation. *p < 0.05, ** <0.01 based on Student's T-Test.
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