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a b s t r a c t 

Three dimensional models of cell culture enables researchers to recreate aspects of tumour biology not replicated 

by traditional two dimensional techniques. Here we describe a protocol to enable automated high throughput 

phenotypic profiling across panels of patient derived glioma stem cell spheroid models. We demonstrate the use 

of both live/dead cell end-points and monitor the dynamic changes in the cell cycle using cell lines expressing 

the FUCCI cell cycle reporter. Together, these assays provide additional insight into the mechanism of action of 

compound treatments over traditional cell viability assay endpoints. 
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. Introduction 

Glioblastoma multiforme (GBM) is the most common type of primary

alignant brain tumour in adults. Molecular genetic profiling of patient

amples has revealed considerable cellular heterogeneity within and be-

ween GBM tumours [1] . Studies based on bulk gene expression profiles

uggest that at least three GBM cell subtypes exist: proneural, classi-

al and mesenchymal [ 2 , 3 ]. Multi-region tumour sampling has shown

hat these distinct subtypes can also co-exist in different regions of the

ame tumour and adapt over time and in response to treatment [3–5] .

n addition, GBM hijacks mechanisms of neural development to produce

ub-compartments of glioblastoma stem cells (GSCs) that are thought to

xhibit resistance to radiotherapy and chemotherapies contributing to

umour-propagating potential and recurrence following treatment [6–

] . The proportion of GSCs in tumours and also their expression of the

ell proliferation biomarker, Ki67 can often determine the aggressive-

ess of GBM and inversely correlates with patient outcomes [9] . Many of

he genetic drivers of GBM are involved in the regulation of the cell cycle

ither directly (for example loss of CDKN2A / CDKN2B or amplification

f CDK4 or CDK6 ) or indirectly (for example amplification or mutation

f EGFR or PI(3)K genes) [10] and therefore targeting of the dysreg-

lated GBM cell cycle is an attractive therapeutic strategy. A further

ayer of heterogeneity within GBM exists at the level of the tumour mi-

roenvironment including regions of necrosis and tissue hypoxia which

nfluences GBM cell behaviour, including maintenance of the GSCs

11] . 
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Two-dimensional (2D) monolayer cell culture techniques have been

sed routinely to model cancer cell behaviour in the laboratory and sup-

ort drug discovery and pharmacogenomic studies. Recent advances in

efining the culture conditions that maintain and expand cancer stem

ells in vitro has supported small molecule and CRISPR screening on

atient-derived GSCs [ 12 , 13 ]. However, despite these advances, such

D assays fail to recapitulate the full complexity of the GBM microen-

ironment that exists in patients including specific segments of GBM

athophysiology associated with three-dimensional (3D) tissue archi-

ecture including cell-cell communication, hypoxia and invasion. 

The use of 3D cell culture techniques to model aspects of tumour bi-

logy not captured in 2D monolayer models has been growing in interest

ver the last decade and has benefited from the convergence of advanced

maging technologies [14] , 3D bioprinting [15] , organoid tissue culture

16] and microfluidic devices [17] . Examples range from simple 3D

pheroid models of free-floating cell aggregates [18] to more complex

ulticellular organoid and organ-on-a-chip devices. Here we provide a

etailed protocol of a previously described method used in our labora-

ory to kinetically profile and quantify transition through the cell cycle

n 3D spheroid tumour models using the Fluorescent Ubiquitination-

ased Cell Cycle Indicator (FUCCI) reporter [18] . 

Methods for isolating, cell culture maintenance and genetic manip-

lation of GSCs in vitro have been established [ 13 , 19 ]. In the current

rotocol we demonstrate application of the 3D spheroid FUCCI method

cross a panel of patient derived GSCs to support drug discovery and

ersonalized medicine strategies for the treatment of GBM. 
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mentary Figure 1). 
. Materials 

.1. Cell culture 

Culture of glioblastoma stem cells is outlined below and is a modified

rotocol originally published by the Pollard laboratory [20] . 

Patient derived glioblastoma stem cell lines (E13, classical; E57, mes-

nchymal) used in this study were obtained from the Glioma Cellular

enetics Resource (gcgr.org.uk). 

.2. Reagents 

• D-( + )-Glucose solution (100 g L − 1 ) (Sigma-Aldrich, G8644). 

• MEM nonessential amino acids (100x) (Gibco, 11140-035). 

• Bovine Albumin Serum Fraction V (7.5% solution, w/v) (Gibco,

15260-037). 

• 2-Mercaptoethanol (50 mmol L − 1 ) (Gibco, 31350010). 

• B27 supplement (50x) (with vitamin A and insulin) (Gibco, 17504-

044). 

• N2 supplement (100x) (Gibco, 17502-048). 

• Mouse EGF (PeproTech, 315-09), 100 𝜇g mL − 1 stock. 

• Human FGF (PeproTech, 100-18b) 50 𝜇g mL − 1 stock. 

• Laminin 1 (from murine Engelbreth-Holm-Swarm (EHS) tumor)

(Cultrex, 3446-005-01), 1 mg mL − 1 stock. 

• Accutase Solution (1x) (Sigma-Aldrich, A6964). 

• Puromycin (Invivogen, ant-pr-1), 10 mg mL − 1 stock. 

• Phosphate buffered saline (Thermo Scientific, BR0014G) supple-

mented with 0.1 g L − 1 calcium chloride (Sigma-Aldrich, 383147)

and 0.2 g L − 1 magnesium chloride hexahydrate (Sigma-Aldrich,

M9272). 

• IncuCyte Cell Cycle lentivirus (0.2 mL; > 1 × 10 6 TU/mL) (Sartorius,

4779). 

• Corning tissue culture plastic ware. 

• General tissue culture materials. 

• Ultra low attachment ‘U’ shaped 96 well plates (Corning, 7007) or S-

BIO PrimeSurface 3D culture spheroid plates (96 well, MS-9096UZ;

384 well, MS-9384UZ). 

.2. Equipment 

• Plate centrifuge. 

• Incucyte S3 (Sartorius) with spheroid analysis module. 

• General tissue culture equipment. 

.3. Media preparation 

a) Neural Stem Cell media: 

Supplement a bottle of DMEM/Ham’s-F12 (Sigma-Aldrich, D8437;

00 mL) with the following; 

7.25 mL D-( + )-Glucose solution 

5 mL MEM nonessential amino acids 

0.8 mL bovine serum albumin solution (7.5%) 

1 mL 2-Mercaptoethanol 

5 mL B27 supplement 

2.5 mL N2 supplement 

This media can be kept at 4°C of 4 weeks or frozen at -20°C for longer

erm storage. 

b) Complete growth media: 

Supplement Neural Stem Cell media with the following; 

10 ng mL − 1 EGF (PeproTech, 315-09) 

10 ng mL − 1 FGF (PeproTech, 100-18b) 

2 𝜇g mL − 1 laminin 1 (Cultrex, 3446-005-01) 
2 
Note: keep laminin stocks cold (using ice) whilst preparing stocks

nd dilutions and use pre-chilled buffers to prevent gelation. 

Note: supplementing culture media with laminin is sufficient to sup-

ort growth of GBM stem cell lines and reduces the time and cost of

re-coating tissue culture plastic; some cell lines may require optimi-

ation of the laminin concentration for monolayer cell attachment and

rowth. 

This media can be kept at 4°C for up to 4 weeks. 

c) Wash media: DMEM/Ham’s-F12 (Sigma-Aldrich, D8437; 500 mL)

supplemented with 1 mL bovine serum albumin solution (7.5%)

(Gibco, 15260-037) 

. Methods 

.1. Generation of a stable population of FUCCI expressing cells 

1 Pre-coat a 6-well cell culture plate with a 1 mL solution per well of

laminin (10 𝜇g mL − 1 ) diluted in cold PBS (with CaCl 2 and MgCl 2 ). 

2 For a T25 cell culture flask, aspirate media from adherent monolayer

cell culture and replace with 1 mL of pre-warmed Accutase solution

(1 ×). Incubate flask at 37 °C for 1-5 minutes. 

3 Gently tap the flask by hand to observe cell monolayer detachment

and visually confirm detachment using a tissue culture microscope. 

4 Add 4 mL of pre-warmed wash media to rinse cells from the bot-

tom of the flask and transfer the resultant 5 mL cell suspension to a

centrifuge tube. 

5 Centrifuge the cell suspension at 300 × g for 3 minutes to obtain a

cell pellet. 

6 Resuspend the cell pellet in 5 mL of complete growth medium. 

Note - If desired take an appropriate split for further culture in a

fresh T25 flask. 

1 Seed approximately 5 × 10 4 cells in 2mL of complete growth media

in a 6-well plate pre-coated with laminin (from step 1) to give an

approximate confluence of 40% and incubate for 24 hours. 

2 Add 20 𝜇L (1.5 × 10 5 TU mL − 1 ) IncuCyte Cell Cycle lentivirus (Sar-

torius, 4779) to 1 mL of complete growth media containing 0.8 𝜇g

mL − 1 polybrene and add this mixture on to the cells. Incubate for 24

hours. 

Note – handling of lentivirus particles should be conducted under

he appropriate local Biosafety rules. 

1 After incubation, carefully change the culture media for fresh com-

plete growth media and incubate for a further 24-48 hours. 

2 Carefully change culture media for fresh complete growth media

supplemented with 1 𝜇g mL − 1 puromycin. 

Note – a puromycin kill curve should be performed to optimise

puromycin concentration for new cell lines. 

1 Replace culture media every 48-72 hours to remove dead cells. 

2 Collect culture supernatant and test for the absence of residual virus

by checking there is no reinfection of fresh cells. 

3 Confirm expression of FUCCI in cells. 

For example, image plates using an Incucyte S3 using the ‘phase’,

‘green’ and ‘red’ channels. See Figure 1 for example images and

quantification. 

1 Culture, expand and maintain labelled cell population. 

2 Freeze down aliquots of cells for long term storage in liquid nitrogen.

3 Compare growth rates of FUCCI expressing cells to parental (Supple-
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Fig. 1. FUCCI cell cycle reporter expression in glioma stem cell lines. A, Sequential images obtained across time points of two distinct patient derived glioma stem 

cells (E13 and E57) stably expressing the FUCCI cell cycle reporter. Scale bar is 300 𝜇m. B, FUCCI cell cycle reporter schematic. C, IncuCyte quantification of G1 

(Red FUCCI) and G2/M (green FUCCI) cell cycle phases. Mean counts of nuclei expressing either Green or Red FUCCI is shown ± SEM. 
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.2. Generation of spheroids 

1 Prepare a suspension of your cells (see section 3.1 ). 

2 Centrifuge cells at 300 × g for 3 minutes and resuspend the cell pellet

in an appropriate volume of complete growth media, for example, 5

mL. 

3 Count cells and dilute in media to appropriate concentration for

spheroid formation (e.g. 1,000 cells per well – this should be de-

termined for each cell type). 

4 Add 200 𝜇L (96 well) or 50 𝜇L (384 well) of cell suspension to a

U-bottom ultra-low attachment plate. 

Note – if possible, don’t use outer wells as they tend to grow slower

due to plate edge effects over long experiments. 

1 Fill the outer wells with sterile PBS to reduce evaporation. 

2 Centrifuge plate for 10 min at 150 × g with the brake off. 

3 Carefully check a few wells on a microscope. Cells should have gath-

ered in the middle of the well at the bottom ( Figure 2 ). 

4 Allow spheroids to form for 2-3 days depending on cell line until the

cells have aggregated into a tight ball. 

5 Spheroids are typically 300-500 𝜇m in diameter by day 3 depending
on the cell line. 

3 
.3. Imaging of spheroids using the IncuCyte S3 

1 Image spheroids using the Incucyte S3 Spheroid software module us-

ing ‘Phase + Brightfield’ imaging channels with either 4 × or 10 × ob-

jectives and desired time intervals over the duration of the assay

(typically 7-11 days) ( Figure 3 and 4 ). 

Note – if imaging FUCCI expressing cell lines, also image using the

‘Green’ and ‘Red’ channels using the default exposure settings

(Green = 300ms; Red = 400ms). 

1 Perform image analysis using the IncuCyte S3 Spheroid Analysis

Module. 

i Select 3-5 representative spheroids from your experiment to train

the image segmentation on. 

ii Using the Brightfield image, segment the spheroid using the seg-

mentation slider. 

iii Apply filters to clean up segmentation, for example filter out

small objects by setting a minimum object size using the ‘Area’

filter. 

iv If imaging spheroids expressing FUCCI, perform a ‘Top-Hat No

Mask’ background subtraction (radius = 500 𝜇m) of the green

and red image. 
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Fig. 2. Glioma Stem Cell (E57) Spheroid formation over 3 days. Brightfield images (IncuCyte S3) obtained at sequential timepoints following spheroid formation. 

Fig. 3. E57 FUCCI spheroids. Images shown are day 0, 1, 2, and 3 after cell seeding (left). Quantification of FUCCI reporter expression from six spheroids (right). 

The mean integrated intensity for Green and Red channels is shown ± SEM. 

 

 

 

 

 

 

3

 

 

 

 

 

 

 

 

 

 

 

 

4

 

t  

r  

p  

i  

G  

F  

a  

t  

b  

t  

a  

t  

E  

t  

f  

g  

(  

i  

c  

h  

c  

w  

t

5

 

r  

p  

s  

c  

s  

o  

i  

s  

m  

S  

m  
v Preview settings across all training images and correct any im-

ages with poor spheroid segmentation. 

vi Save analysis definition and apply to all wells and all time points.

vii Example data is shown in Figure 4 . 

2 Optional (for unlabelled spheroids), perform dead cell labelling at

the end of the experiment by adding ethidium homodimer-1 (10

𝜇mol L − 1 final concentration; Sigma-Aldrich, 46043-1MG-F) and in-

cubating for 30 minutes. Image plate on the IncuCyte S3 using the

red filter channel ( Figure 5 ). 

.4. Troubleshooting 

• Poor viral transduction – care should be taken to optimise viral

transduction of different cell lines. This is especially important when

working with the patient-derived GBM stem cell lines described here.

Validation of stable expressing FUCCI cell lines should be undertaken

to ensure the retention of the parental cell lines characteristics such

as growth and morphology (Supplementary Figure 1). 

• Cell line makes poor spheroids or does not aggregate – some opti-

misation of culture conditions may be required for new cell lines.

Laminin or basement membrane extract (final concentration of 2%)

can be added to cells when forming spheroids to increase cellular

aggregation. Alternatively co-culture with other cell lines, for ex-

ample non-cancerous cells such as astrocytes for brain derived cell

lines or fibroblasts for other types of cancer, may improve spheroid

formation. 

. Expected results 

E57- and E13-FUCCI expressing spheroids treated with the micro-

ubule destabilising agent paclitaxel, displayed a decrease in the FUCCI-

ed channel after 6 days of treatment, indicating a loss of cells in the G1

hase and a shift towards the G2/M stage of the cell cycle ( Figure 4 ). An

ncrease in the FUCCI-green signal, indicative of cell-cycle arrest at late
4 
2/M phase, was observed in the E57 spheroids after 6 days (144 hours;

igure 4 A) of paclitaxel treatment while E13-FUCCI spheroids displayed

 rapid peak of FUCCI-green accumulation after 24-48 hours of pacli-

axel treatment ( Figure 4 B and D), highlighting potential differences

etween the cell lines with respect to how they mechanistically respond

o paclitaxel treatment. Assessment of the variability of the spheroid

rea and FUCCI intensity measurements using the coefficient of varia-

ion demonstrates reasonable values for both cell lines (E13 < 12%, and

57 < 25%) and suitability for high throughput screening (Supplemen-

ary Figure 2). To confirm that the observed increase in spheroid area

ollowing treatment with paclitaxel is as a result of cell death, spheroids

enerated with unlabelled parental cells can be stained for dead cells

for example, ethidium homodimer-1) ( Figure 5 ). Comparison of ethid-

um homodimer-1 staining in paclitaxel and staurosporine (a promis-

uous kinase inhibitor which induces apoptosis) treated E57 spheroids

ighlights the spatial effect of each drug treatment; paclitaxel induces

ell death resulting in a halo of cells being ‘shed’ from the spheroid

hile staurosporine is less selective and induces cell death through-out

he spheroid. 

. Discussion 

One important road block to making progress in GBM translational

esearch has been overcome in recent years, i.e. the generation of more

hysiologically-relevant GSC models [ 13 , 19 ]. The use of 3D tumour

pheroid assays has also gained momentum recently in an effort to in-

rease the physiological relevance of cell culture assays and improve

uccess rates of translating preclinical discoveries into positive clinical

utcomes [21] . However, protocols for 3D spheroid assays vary signif-

cantly between different laboratories and are often not adequately de-

cribed in research publications or provide sufficient mechanistic infor-

ation of compound/drug activity. An international consortium (Mi-

pheroID) has defined and recommended a minimum set of experi-

ental parameters (cell line, spheroid formation method; media; and
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Fig. 4. FUCCI spheroid cell cycle analysis. A. E57 (glioma stem cells representative of the mesenchymal subtype) treated with paclitaxel 1 𝜇mol L − 1 and vehicle 

control (DMSO, 0.1% v/v). B. Quantification of spheroid area and FUCCI expression. C, E13 (glioma stem cells representative of classical subtype) treated with 

paclitaxel 1 𝜇mol L − 1 and vehicle control (DMSO, 0.1% v/v). D, Quantification of spheroid area and FUCCI expression. For B and D, mean ± SEM is shown (n = 6 
spheroids). 

5 
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Fig. 5. Live/dead spheroid assay. A, Bright- 

field images of E57 spheroids treated with pa- 

clitaxel (1 𝜇mol − 1 ) or staurosporine (1 𝜇mol 

L − 1 ) for 3 days. On day 3 spheroids were 

treated with 10 𝜇mol L − 1 ethidium homodimer- 

1 for 30 minutes to label the non-viable cells 

(red). B, Quantification of non-viable cells after 

3 days of paclitaxel or staurosporine treatment. 

n = ≥ 3 spheroids, mean ± SEM is shown. 
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pheroid size) required to report spheroid research to improve inter-

aboratory reproducibility and data mining across multiple studies [22] .

any 3D spheroid studies only report size as the primary assay end-

oint, however spheroid size provide little information on compound

echanism-of-action and can sometimes be misleading. For example, a

ompound treatment which induces cell death may disrupt the integrity

f the spheroid resulting in an increase in spheroid size which could

e misinterpreted as an increase in cell proliferation. In addition, com-

ounds which induce cell cycle arrest and not immediate cell death may

esult in a temporary accumulation of cycling cells in the outer core of

he spheroid in the G2/M phase of the cell cycle which could result in

ncreased spheroid size and again be misinterpreted as an induction of

ell proliferation. Here we present a detailed method, adhering to Mi-

pheroID guidelines, for monitoring the kinetic changes in the cell cy-

le following compound treatment in patient derived glioblastoma stem

ell lines. Stable expression of the FUCCI cell cycle reporter in these

lioblastoma stem cell lines allows kinetic evaluation of the cells cul-

ured in a 3D environment in situ , retaining spatial resolution (e.g. lo-

ation of non-viable cells within the spheroid) that would otherwise be

ost following spheroid dissociation for conventional cell cycle analysis

y fluorescent activated cell sorting. The method provides both tempo-

al and spatial resolution of cell-cycle progression within 3D spheroids

o more precisely inform on compound mechanism-of-action relative to

pheroid size measurements alone. The method can be applied to panels
6 
f genetically distinct patient derived glioblastoma cell lines in multi-

ell plate formats to support high throughput phenotypic screening and

harmacogenomics and personalized medicine studies. Future develop-

ents and application of the method to incorporate novel microfluidic

evices [23] and new high speed light-sheet microscopes can further

nhance throughput and analysis at single cell resolution [24] . 

. Notes 

FUCCI reporter: The Fluorescent Ubiquitination-based Cell Cycle

ndicator allows visualisation of real time cell cycle progression by

tilising temporally expressed proteins specific for each phase. The

oncept was originally developed by Sakaue-Sawano et al ., [25] and

ariations have evolved since, however, most still use Cdt1 which

ccumulates in G1 and Geminin which accumulates in S/G2/M.

ere we have used a commercially available construct Incucyte Cell

ycle Lentivirus EF1, Puro, (Sartorius, 4779) which uses mKate2

agged Cdt1 ( 𝜆abs / 𝜆em = 483/506nm) and TagGFP2 tagged Geminin

 𝜆abs / 𝜆em = 588/633mn). The result is cells with nuclei appearing red

n G1, and green in S/G2/M. 

Glioma Stem Cells: Molecularly annotated human patient derived

lioma stem cells are available from the Glioma Cellular Genetics Re-

ource: http://gcgr.org.uk/#Home 

http://gcgr.org.uk/\043Home
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