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Abstract
Here, we describe protocols for the isolation, expansion, and functional characterization of human
glioblastoma stem cells.

Introduction
Human glioblastoma \(GBM) is thought to be driven by glioblastoma stem cells \(GSCs), a
subpopulation of the tumour that is responsible for tumour initiation, maintenance, and therapy
resistance1-3. Frontline treatments such as chemotherapy2 and radiation3 are thought to be well tolerated
by GSCs, meaning that tumour recurrence may arise speci�cally from the GSC population. In order to
understand the biological properties of GSCs and identify GSC-speci�c therapies, a method is needed to
isolate, expand, and functionally characterize these cells from human tumours. While prospective sorting
of tumour cells based on expression of neural stem cell markers has been shown to enrich for stem cell
properties1, expansion of tumour cells under neural stem cell conditions also selects for cells that are
capable of tumour initiation and multi-lineage differentiation while maintaining genetic properties of the
bulk tumour4,5. Here, we provide methods for the isolation, expansion, and functional analysis of GSCs
from human GBM tumours.

Reagents
1) Regular Tissue culture vessel 2) Corning-Primaria Tissue culture vessel 3) 96-well tissue culture
suspension plates 4) 10% Formalin 5) Cryovials 6) 15 mL conical tubes 7) 50 mL conical tubes 8) DMEM
9) DMSO 10) 40 μM nylon mesh 11) 96-well suspension plate for LDA 12) Laminin coated TC vessels 13)
Dissociation enzymes \(optional, see step 1) 14) Human ACSF \(see step 2) 15) Sterile glass beads \
(optional) 16) DNAse \(optional) 17) Trypsin inhibitor \(optional) 18) .22μM syringe �lters \(optional) 19)
Lympholyte-Mammal \(optional) 20) Miltenyi CD31 and CD45 human microbeads \(optional) 21) Liquid
nitrogen 22) Mesh Casettes for histology \(optional) 23) 50 mL conical tube 24) 10 mL pipette 25) EtOH
26) Lympholyte-Mammal \(optional) 27) BSA 28) Tissue culture suspension plates 29) Neurocult NS-A
Basal medium 30) L-Glutamine 31) B27 supplement 32) rhEGF 33) bFGF 34) Heparin 35) PSF \
(Penicillin/Streptomycin/Amphotericin B) 36) DMEM:F12 37) Glucose 38) Transferrin 39) Insulin 40)
Putrescience 41) Sodium Selenite 42) Progesterone 43) Milli-Q water 44) BD Primary tissue culture
vessels 45) Poly-L-ornithine 46) Laminin 47) PBS 48) Accutase 49) Iso�uorane 50) Ketoprofen 51) Eye
gel 52) Betadine 53) Disposable scalpel 54) 1 mL syringe 55) 5 mL syringe 56) 21G needle 57) 25G
needle 58) Hamilton syringe and 26G Hamilton needle 59) Bone wax

Equipment
1) Sterile surgical scissors and forceps 2) Liquid nitrogen dewar 3) -80°C freezer 4) Hemocytometer 5)
Tissue culture hood 6) Tissue culture incubator 7) Stereotactic headframe 8) Anesthesia machine and
gas chamber 9) Mouse fur clipper



Page 3/8

Procedure
**Processing of human GBM tumours** 1) Before processing GBM tumours, pre-mix aliquots of
dissociation enzymes \(40 mg trypsin, 20 mg hyaluronidase, 3-5 mg kynurenic acid) and keep in -20°C
dessicator until use. 2) Before processing GBM tumours, prepare human ACSF \(arti�cial cerebrospinal
�uid). To prepare human ACSF, combine 100 mL of 2M NaCl, 6.2 mL of 1M KCl, 0.5 mL of 1M MgCl2,
0.32 mL of 155 mM NaHCO3, 16.9 mL of 1 M Glucose, 1.0 mL of 108 mM CaCl2, 2.0 mL of 1 M HEPES,
1.0 mL of 1X Antibiotic/antimycotic \(PSF), and 72 mL ddH2O. 3) Dissect and discard white matter \
(mushy, stringy, bright white in appearance) and/or blood clots from tumour tissue. 4) Snap freeze small
tumour pieces by immersion in liquid nitrogen. Place individual pieces in separately labelled cryovials and
quickly transfer to a designated box in -80°C freezer. These samples may be later used for genomic or
transcriptomic sequencing of primary tumour tissue \(optional). 5) Place small tumour pieces in mesh
casettes and place in 10% Formalin. These samples may be later used for immunohistochemistry or
tumour histology \(optional). 6) Using sterile scissors or autoclaved razorblades, mince remaining tumour
tissue as �nely as possible, ideally to a “jelly-like” consistency. 7) Transfer sample into a 50 mL conical
tube, and �ll to 20 mL with human ACSF. For tough pieces or pieces that are larger than 2-3 mm in
diameter, adding 5-10 mL of Accutase may help homogenize the tissue. 8) Dissolve previously measured
dissociation enzymes \(40 mg Trypsin, 20 mg Hyaluronidase, 3-5 mg Kynurenic acid) in 10 mL of human
ACSF, �lter with a .22 µm syringe �lter. Use of the dissociation enzymes may help in dissociating tumour
tissue, but can lead to loss of cell viability \(optional). 9) If the mixture is gelatinous or sticky, add 45 μL
of DNAse \(optional). 10) To assist in mechanical dissociation of tissue, add 10 mL of sterile glass beads
into the tube \(optional). 11) Nutate the mixture in a rotating incubator at 37°C for 15 – 50 minutes as
needed. Remove the mixture from the incubator when fully homogenized. 12) Remove dissociated
tumour suspension using a 10 mL pipette and transfer to a new 50 mL conical tube. The glass beads
may be rinsed in EtOH and autoclaved for re-use \(optional). 13) Centrifuge for 5 minutes at 1000 rpm.
14) Resuspend pellet in 20-30mL DMEM. Filter sample through a 40 µm mesh and centrifuge again at
1000 rpm. 15) If needed, use 12 mL of Lympholyte-Mammal \(Cedarlane CL5110) in improve tumour cell
purity. This step may reduce the �nal cell yield and its use depends on the application \(optional). 16)
Resuspend in 10 mL DMEM and manually count tumour cells using a hemocytometer in order to
distinguish tumour cells from red blood cells or lymphocytes based on size. 17) If needed, the sample
may be further puri�ed by magnetic bead depletion against human CD31 and CD45 expressing cells \
(Miltenyi Biotec 130-091-935; 130-045-801) \(optional). 18) Viable cells may be cryopreserved in 5% BSA,
10% DMSO in DMEM at a minimum concentration of 1×106 cells/mL). 19) In order to generate a culture
of GBM stem cells, expand primary cells as described in steps 23 – 31 for 5 passages. **Primary limiting
dilution assay \(LDA)** 20) In order to perform primary LDA analysis to characterize the frequency of
self-renewing cells in a population, primary dissociated GBM cells are plated in 6 replicates unto the inner
60 wells of 96-well tissue culture suspension plates in human neural stem cell media \(see below). 10 cell
doses are used, generally two-fold dilutions starting at 2000 cells and ending at 4 cells suspended in 100
μL of NS-A expansion media. 21) Top up the media in each well after the �rst week of culture with 50 μL
of NS-A expansion media. 22) After the second week, score each well of the plate for the presence or
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absence of neurospheres \(Fig. 1). Software such as extreme limiting dilution analysis \(ELDA)6 may be
used to compute the self-renewing frequency of the original population. **Culture and expansion of
human GBM stem cells \(GSCs)** 23) Make up a bottle of basal neural stem cell media and store at 4°C.
This consists of a 450 mL bottle of human Neurocult NS-A Basal medium \(StemCell Technologies,
#05750), mixed with 5 mL of 200 mM L-Glutamine \(Wisent, #609-065-EL) and 500 μL of 7.5% BSA
solution \(Life Technologies, #15260-037). 24) The NS-A Expansion media needs to be made up as
needed and should be used within two weeks. For 50 mL of NS-A Expansion media, combine 44.2 mL of
basal media \(see step 23), 5.0 mL of 10X hormone mix, 1.0 mL of 50X B27 supplement \(Life
Technologies, Catalog #17504-44), 2.5 μL of 200 μg/mL rhEGF \(Sigma, #E9644), 125 μL of 4 μg/mL
bFGF \(StemCell Technologies, #02634), 100 μL 1 mg/mL Heparin \(Sigma, #H3149). The 10X hormone
mix can be made up in advance and aliquoted at -20°C. For 200 mL of 100X hormone mix, combine 100
mL of DMEM:F12, 4 mL of 0.6% Glucose, 200 mg Transferrin, 50 mg Insulin, 19.33 mg Putrescine, 200 μL
of Sodium Selenite, 20 μL of Progesterone and Milli-Q water up to 200 mL. 25) The day prior to tissue
culture, coat Corning-Primaria tissue culture vessels with poly-L-ornithine \(PLO, Sigma, #P4957-50ML)
for 20 minutes at room temperature. Remove the PLO, and coat with 1:200 Laminin diluted in PBS \
(Sigma #L2020-1MG) again at room temperature. The PLO may be re-used up to 3 times, while the
laminin is only used once. Culture vessels may then be stored until use as long as the laminin solution
does not dry out. If the liquid is running low, the �ask may be topped up with PBS until it is needed. 26) In
order to recover frozen GSCs, thaw the cryotube in a 37°C water bath. Immediately transfer the solution
into 10 mL of DMEM media and mix gently. Centrifuge cells at 1000 rpm for 5 minutes to recover the cell
pellet. DMEM media is used in wash steps to mitigate costs, as the NS-A expansion media is expensive
and time-consuming to make up. 27) Aspirate the supernatant and gently resuspend the cell pellet in pre-
warmed NS-A expansion media. 28) Remove laminin solution from a coated culture vessel and transfer
the cell suspension into the vessel. As a rule, approximately 1×106 cells should be thawed onto a 10 cm
Primaria culture dish. 29) Cell culture media should be replenished every 2-3 days by removing half of the
conditioned media, and replacing that with fresh media. 30) Once cell cultures reach approximately 80%
con�uency, they will need to be passaged. To do this, remove media from the vessel, and add enough
Accutase solution to coat the bottom of the vessel. Place the vessel back into the incubator for 5 minutes
in order to lift up the cells. The conditioned media may be kept and mixed with fresh media in a 1:1 ratio
if the cells are to be immediately passaged, in order to mitigate cost. 31) Re-suspend cells in 10 mL of
DMEM media and spin for 5 minutes at 1000 rpm to collect cell pellet. Split cells between 1:3 to 1:5 and
add the cells into a pre-coated Primaria vessel. **Intracranial transplantation of GBM cells** 32) Harvest
GBM cells by accutase treatment \(if using cultured cells) and wash 2X in sterile PBS. Re-suspend
sample in a small volume of PBS for transplantation. We recommend a maximum of 2×105 cells/2-2.5
μL PBS per mouse in order to avoid clogging the Hamilton syringe. 33) Anaesthetize the mouse with 1-3%
iso�uorane in a gas chamber and transfer mouse to the stereotactic headframe. Re-direct �ow of
iso�urane from the chamber to the stereotactic headframe. 34) Check that the mouse is fully
anesthetized by toe pinch. 35) Subcutaneously inject 500 uL of analgesic into the mouse \(10 uL of 10
mg/mL ketoprofen mixed with 490 uL of saline), using a 5 mL syringe and 25G needle. 36) Clip hair to
expose skin of forehead. 37) Apply eye gel to eyes. 38) Apply betadine to forehead and clean the skin
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with 70% EtOH. 39) Make incision with a disposable scalpel blade at the midline on top of the skull,
approximately 0.5 cm in length. 40) Attach a 1 mL syringe to a 21G needle. Attach syringe to the
headframe clamp and position the needle directly on top of bregma \(where frontal and parietal bones
meet). 41) For forebrain injections, move the needle 1 mm down and 2 mm right. Alternatively, the needle
may be positioned on top of lambda \(where the sagittal and lambdoid sutures meet) and moved 4 mm
up, 2 mm to the right. Lower the syringe to create a dent in the skull at the desired coordinates. 42)
Remove the syringe and manually bore a hole through the skull at the marked injection site with a 21G
needle. 43) Assemble the injection needle, which consists of a Hamilton syringe and a Hamilton 26G
Small Hub RN Needle. In order to ensure that the needle is clean and is not clogged, �ush the needle 3X
with ethanol, 3X with water, then 3X with PBS. 44) Drug up the desired volume of cells with the needle
and clamp onto the headframe. 45) Reposition needle directly on top of the hole in the skull, lower the
needle by 3.5 mm. Wait 30 seconds, then raise the needle by 0.5 mm to create a small pocket in the brain.
46) Inject the cells slowly over 2-3 minutes. 47) After injection, allow the needle to remain in the brain for
another 2 minutes. 48) Slowly draw up the needle in the headframe over 1-2 minutes. 49) Cover the bore
hole with bone wax. 50) Suture and place mouse in a new clean cage that rests on a warming blanket.
Monitor the mouse directly post-surgery and over the next three consecutive days. 51) Wash the Hamilton
syringe 3X in water.

Timing
Tumour processing \(steps 1 – 18) and intracranial transplantation \(steps 32 – 50) are time-sensitive
protocols, and care should be taken to ensure that all reagents/equipment are prepared in advance to
minimize the time needed and avoid subjecting cells to harsh conditions. The tumour processing protocol
can take 1-2 hours, and intracranial transplantation takes approximately 15 – 20 minutes per mouse. In
order to increase the e�ciency of an orthotopic xenograft experiment, the next mouse to be injected can
be anesthetized starting at step 47.

Troubleshooting
**Processing of human GBM tumours** If the primary cells will be cultured \(for example, in a primary
limiting dilution assay or generate a GSC culture), add antibiotic to the culture media to prevent initial
contamination of the culture. We generally expand GSC cultures for 5 passages in PSF, but do not use
antibiotics past passage 5. In our experience, approximately half or more of adult GBMs may be used to
successfully generate GSC cultures although it depends on sample quality. Resected tumour samples
should be processed as fast as possible after surgery in order to preserve cell viability. **Culture and
expansion of human GBM stem cells \(GSCs)** Use standard sterile tissue culture technique when
culturing GSCs to prevent contamination. If culturing other fast-growing cell lines in parallel \(for
example, U87 cells), take care to prevent cross-contamination of the relatively slower growing GSC cells.
Regularly genotype GSC cultures to ensure that they match the original patient sample, and test for
mycoplasma contamination. If cells grow slower than expected, consider seeding cells at an initially
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higher density \(for example, by using a smaller tissue culture vessel) and ensure that the NS-A
expansion media is made fresh. **Intracranial transplantation of GBM cells** If the bore hole is hard to
identify visually, sterile forceps may be used to guide the Hamilton syringe for injection. Ensure that cells
are kept on ice to maintain viability. If the xenografts will be divided into separate experimental groups \
(for example, control and drug), alternate between mice for both groups during the injection to control for
a potential loss of cell viability as the experiment proceeds. If multiple investigators are performing the
experiment, ensure that each investigator performs an equal number of injections for each experimental
group to control for potential differences in experimental technique.

Anticipated Results
**Processing of human GBM tumours** Depending on sample quality and processing time, cell viability
of primary GBM cells will be highly variable. If trying to establish a GSC culture from primary GBM cells, it
will take 1 – 2 passages to remove debris and non-tumour cells \(that generally do not adhere or grow
under the NS conditions). We generally consider a GSC line to be established if passage 5 has been
reached. **Culture and expansion of human GBM stem cells \(GSCs)** When grown adherently,
established GSC cultures are relatively slow growing \(doubling times of above 24 hours). GSCs may also
be expanded as sphere cultures as needed. Compared to primary GBM cells, GSC cultures have higher
self-renewing frequency, are more likely to successfully initiate orthotopic xenograft tumours, and are
generally more functionally homogeneous7. **Intracranial transplantation of GBM cells** Many GSC
cultures, when transplanted at ~1 – 2 × 105 cells/mouse, will generate an intracranial tumour within 6
months \(Fig. 2). Other GSC cultures may not result engraft successfully. Therefore, it is important to
ensure that a culture is able to engraft successfully before initiating an experiment. Cultures that are able
to generate subcutaneous tumours are also more likely to engraft orthotopically. The tumours generated
may be circumscribed or diffuse, are generally present in both hemispheres, and express Nestin with a
high proportion of actively dividing cells 1,4. Xenograft cell morphology generally resembles that of the
parental human tumour. Tumours harvested from mouse brains may be used to isolate tumorigenic cells
that are likely to engraft in serial transplantation.
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Figure 1
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Representative image of neurospheres This �gure shows two neurospheres that are generated from a
GSC culture in a LDA experiment. Scale bar = 100 μm.

Figure 2

Representative image of GBM xenograft This image shows an image of a xenograft established from
human GSC cells. Nuclei are shown in blue, and human-speci�c Nestin (Millipore MAB5326, 1:500)
staining is shown in brown. Scale bar = 50 μm.


