
Neuro-Oncology
22(9), 1289–1301, 2020 | doi:10.1093/neuonc/noaa051 | Advance Access date 30 March 2020

1289

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any 
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Actinomycin D downregulates Sox2 and improves 
survival in preclinical models of recurrent glioblastoma

  

Jessica T. Taylor , Stuart Ellison, Alina Pandele, Shaun Wood, Erica Nathan, Gabriella Forte, 
Helen Parker, Egor Zindy, Mark Elvin, Alan Dickson, Kaye J. Williams, Konstantina Karabatsou, 
Martin McCabe, Catherine McBain, and Brian W. Bigger

Brain Tumor Research Group, Stem Cell and Neurotherapies Laboratory, Division of Cell Matrix Biology and 
Regenerative Medicine, University of Manchester, Manchester, UK (J.T.T., A.P., G.F., H.P., B.W.B.); Faculty of Biology, 
Medicine and Health, University of Manchester, Manchester, UK (E.Z.); Manchester Institute of Biotechnology, Faculty 
of Science and Engineering, University of Manchester, Manchester, UK (M.E., A.D.); CRUK Cambridge Institute, Li 
Ka Shing Centre, Cambridge, UK (E.N.); Department of Neurosurgery, Salford Royal Hospital NHS Foundation Trust, 
Manchester, UK (K.K.); Division of Pharmacy and Optometry, School of Biology, Medicine and Health, University of 
Manchester, Manchester, UK (K.J.W.); Division of Cancer Sciences, University of Manchester, Manchester, UK (M.M.); 
Department of Clinical Oncology, The Christie NHS FT, Manchester, UK (C.M.)

Corresponding Author: Professor Brian W Bigger, Stem Cell and Neurotherapies Laboratory 3.721 Stopford Building, University of 
Manchester, United Kingdom, M13 9PT (brian.bigger@manchester.ac.uk)

Abstract
Background. Glioblastoma (GBM) has been extensively researched over the last few decades, yet despite aggres-
sive multimodal treatment, recurrence is inevitable and second-line treatment options are limited. Here, we dem-
onstrate how high-throughput screening (HTS) in multicellular spheroids can generate physiologically relevant 
patient chemosensitivity data using patient-derived cells in a rapid and cost-effective manner. Our HTS system 
identified actinomycin D (ACTD) to be highly cytotoxic over a panel of 12 patient-derived glioma stemlike cell (GSC) 
lines. ACTD is an antineoplastic antibiotic used in the treatment of childhood cancers. Here, we validate ACTD as 
a potential repurposed therapeutic for GBM in 3-dimensional GSC cultures and patient-derived xenograft models 
of recurrent glioblastoma.
Methods. Twelve patient-derived GSC lines were screened at 10  µM, as multicellular spheroids, in a 384-well 
serum-free assay with 133 FDA-approved compounds. GSCs were then treated in vitro with ACTD at established 
half-maximal inhibitory concentrations (IC50). Downregulation of sex determining region Y–box 2 (Sox2), a stem 
cell transcription factor, was investigated via western blot and through immunohistological assessment of murine 
brain tissue.
Results. Treatment with ACTD was shown to significantly reduce tumor growth in 2 recurrent GBM patient-derived 
models and significantly increased survival. ACTD is also shown to specifically downregulate the expression of 
Sox2 both in vitro and in vivo.
Conclusion. These findings indicate that, as predicted by our HTS, ACTD could deplete the cancer stem cell popu-
lation within the tumor mass, ultimately leading to a delay in tumor progression.

Key Points

1.  High-throughput chemosensitivity data demonstrated the broad efficacy of actinomycin 
D, which was validated in 3 preclinical models of glioblastoma.

2.  Actinomycin D downregulated Sox2 in vitro and in vivo, indicating that this agent could 
target the stem cell population of GBM tumors.
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The most common primary adult brain tumor, glioblastoma 
multiforme (GBM), is also one of the most well character-
ized.1 Despite a huge increase in the scientific understanding 
of this devastating disease, therapeutic options for GBM still 
remain limited. Irrespective of the current aggressive and 
multimodal first-line approach at diagnosis, consisting of 
maximal surgical resection, radiotherapy, and adjuvant che-
motherapy with temozolomide (TMZ),2 recurrence in GBM 
is practically an inevitability and there is currently no de-
fined standard of care for patients who relapse.3 With only a 
3.4% probability of success for new oncology drugs coming 
through the pharmaceutical pipeline, compared with a 
13.8% FDA-approval rate of all drug development cam-
paigns,4 the need for more innovative therapeutic strategies 
to expedite novel glioblastoma therapeutics is imperative.

At a cellular level, GBM is highly heterogeneous and 
comprises multiple subpopulations of distinct cell types, 
many of which express stem cell markers.5 These glioma 
stemlike cells (GSCs) share many features of neural stem 
cells of the subventricular zone, including high motility 
and expression of markers such as Nestin and sex deter-
mining region Y–box 2 (Sox2).6–8 They are also capable of 
self-renewal, initiate tumors in immunocompromised 
mouse models, and have been shown to be significantly 
more resistant to current therapeutic options for GBM.9 
Consequently, following first-line treatment, a resistant 
cancer stem cell population remains to drive tumor 
recurrence.10

Sox2 is an important regulator in the self-renewal of 
human embryonic stem cells, while also playing a role in 
stem cell maintenance in many adult tissues, including the 
brain.11 Overexpression of Sox2 has been linked to the de-
velopment of many solid tumors, such as lung, ovarian, 
and breast cancer, and has more recently become associ-
ated with GBM. High levels of Sox2 are associated with a 
worse prognosis, and patient tumors with increased Sox2 
expression have been found to be more aggressive.12–14 
Knockdown of Sox2 has also been shown to decrease pro-
liferation of GSCs and reduce migration and invasion, as 
well as causing a loss of tumorigenic potential in vivo.15

The plasticity of the tumor microenvironment, and the 
cells that reside within it, presents an enormous challenge 
to the development of novel therapies. Therapeutics that 
could potentially abrogate the oncogenic effects of Sox2 in 
GBM stemlike cells are therefore an interesting prospect, 
especially those that are already approved for alternative 
clinical applications such as ACTD. Work done previously 
in our group16 has demonstrated that automated screening 
of repurposed drug libraries is feasible in clinically relevant 

time-frames, while revealing ACTD to be a potent cytotoxic 
agent in seven GSC lines. Here we use a refined screening 
process to confirm our findings in an additional 5 GSC 
lines and validate ACTD as a potential therapeutic for re-
current GBM in multiple patient-derived in vivo models.

Materials and Methods

Patient Cell Lines

Patients with GBM or recurrent GBM were identified via the 
neuro-oncology multidisciplinary meeting at Salford Royal 
NHS Foundation Trust and samples confirmed by a pathol-
ogist prior to cell line derivation. Patient demographics are 
summarized in Supplementary Table 1. Informed consent was 
obtained from patients for tissue use, storage, and derivation 
of cell lines. All work was performed under National Health 
Service (NHS) research ethics committee approval (Ref. 68/
H1006/38 and 08/H1006/37). DNA for patient samples for 
lines TD1–3 and BK1 and BK3 was analyzed by the free online 
brain tumor classifier17 at (www.molecularneuropathology.
org) for methylation subgrouping. Patient lines GS1-TS20 
are described further by Yu et al.16

Patient Cell Line Derivation and Cell Culture

Patient cell line derivation and expansion were performed 
as described16 using serum-free methods. All cells were 
cultured in neurobasal medium (NBM) supplemented with 
1x N-2 and 1x B-27 and growth factors epidermal growth 
factor and human fibroblast growth factor (20 ng/mL). Cells 
were maintained at 37°C, 5% CO2 in ultra-low adherent 
flasks (Corning) as neurospheres and passaged weekly. 
DNA for cell lines TD1–3 and BK1 and BK3 were also sub-
jected to methylation subgrouping at passage 5 to ensure 
they reflected the original patient samples. For invasion 
assays, spheroids were seeded in supplemented NBM in 
96-well ultra-low attachment plates (Nunc) and allowed to 
form spheroids over 48 hours. Matrigel extracellular ma-
trix–based hydrogel (Corning) was then added to wells, 
with or without drug. To assess GSC renewal, spheroids 
were seeded into 24-well low attachment plates (Corning). 
Five days after seeding, spheroids were counted, then 
drug treatment added. Spheroids were again counted 
5 days post drug treatment, then left to recover for a further 
5 days. Finally, spheroids were dissociated and re-seeded 
to assess self-renewal ability.

Importance of the Study

Glioblastoma is a highly aggressive and devastating 
disease, yet no standard of care exists after recur-
rence following first-line therapy. Using 3D multicellular 
spheroid HTS, we identify ACTD as a potent cytotoxic 
agent against GSCs from 12 patients. We demonstrate 
that treatment with ACTD in preclinical models of 

recurrent GBM gives a significant increase in survival 
and downregulates the transcription factor Sox2 at low 
concentrations. Through fast and reproducible HTS and 
robust validation in vivo, this study indicates the poten-
tial of ACTD as a potent and effective option at recur-
rence for GBM patients in the clinic.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://www.molecularneuropathology.org
http://www.molecularneuropathology.org
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Lentiviral Labeling of Cell Lines

The pLenti CMV Puro LUC (w168–1) was a kind gift from 
Eric Campeau and Paul Kaufman (Addgene plasmid # 
17477).18 High-titer lentiviral particles were generated as 
previously described.19 Luciferase-expressing patient-
derived lines were established through stable transfection 
of the CMV Puro LUC lentivirus and subsequent puromycin 
selection.

Chemicals

The Approved Oncology Drugs Set VIII consisting of 133 
FDA-approved chemotherapeutic drugs (Supplementary 
Data File 1)  was kindly provided by the National Cancer 
Institute Division of Cancer Treatment and Diagnosis/
Developmental Therapeutics Program (http://dtp.cancer.
gov). Drugs were provided as 20  µL stocks at 10  mM in 
100% dimethyl sulfoxide (DMSO) in 96-well polypropylene 
U-bottom plates (Greiner). Dilution stock plates were made 
up in 384-well polypropylene F-bottom microtiter plates 
(Corning) using the Biomek FX liquid handling platform 
(Beckman Coulter). Drugs for in vivo use were obtained 
from Sigma Aldrich.

In Vitro Drug Screening

Low-passage patient-derived cells, cultured in serum-free 
conditions, were plated using a Multidrop Combi liquid 
dispenser (ThermoFisher Scientific) into 384-well ultra-low 
attachment plates (Corning) and cultured for 24 hours to 
allow for robust spheroid formation. Approved Oncology 
Drugs Set VIII compounds were added to wells either as a 
single shot dose of 10 µM or in a 6-point dose response 
in duplicate using the Biomek FX liquid handling plat-
form. Each experiment was carried out twice, with vehicle 
(5% DMSO) and cell death controls (25 µM benzethonium 
chloride).

After 96-hour incubation in a Cytomat 6000 carousel in-
cubator, PrestoBlue or CellTiter-Glo 3D reagent (Promega) 
was added to wells at volumes recommended by the 
manufacturers using a Multidrop Combi. Cell viability was 
measured using a Synergy HT Multi-Detection Microplate 
Reader (BioTek) and dose-response curves and IC50 values 
calculated using GraphPad Prism v7.0.

In Vivo Studies

Nonobese diabetic severe combined immunodeficient 
gamma null (NSG) female mice between 8 and 12 weeks of 
age were used in this study. Mice were housed in groups of 
2–5 in individually ventilated cages with ad libitum access 
to food and water and kept on a 12-hour light/dark cycle. All 
procedures were ethically approved by the University of 
Manchester Ethical Review Process under UK Home Office 
regulations and project licenses PPL 70/07760, 40/3658, 
and P0C3AEEBO. All drug concentrations used, dosing re-
gimens. and methods of delivery are described in detail in 
Supplementary Table 2. DNA from implanted cell lines TS9 
and TD2 (both luciferase and non-luciferase expressing) 

was also subjected to methylation subgrouping to ensure 
that in vivo studies reflected the original patient samples.

Subcutaneous Tumor Studies

Female NSG mice, aged ≥8 weeks, were implanted with 
subcutaneous flank xenografts using TS9 patient-derived 
recurrent GBM cells (1  × 107 per mouse). Palpable tu-
mors were established approximately 6 weeks after cells 
were injected. Drug treatment was initiated when tumors 
reached 200  mm3. Mice were culled when they reached 
humane endpoints including, but not limited to, a tumor 
volume of 800 mm3. Tumors were excised and final tumor 
volumes were measured and plotted against controls.

Orthotopic Models

TD2 luciferase-expressing cells (2.5 × 105 per mouse) were 
stereotactically injected into the right striatum of NSG mice 
under aseptic conditions. Mice were imaged using the 
In-Vivo Xtreme Imaging System (Bruker) prior to treatment 
for randomization. Mice were treated with vehicle (5% 
DMSO), TMZ (140 mg/kg), or ACTD (0.1 mg/kg) according 
to the dosing schedule outlined in Supplementary Table 2, 
then reimaged. Mice were culled via transcardial perfusion 
of phosphate buffered saline under terminal anesthesia. 
Brains were harvested, fixed in 4% paraformaldehyde, and 
cryoprotected with 20% sucrose for histology.

For long-term survival analysis, a cohort of 25 mice were 
stereotactically injected with TD2 patient-derived cells 
(5 × 105 per mouse). Mice were randomized 6 weeks post-
implantation, then treated with vehicle (5% DMSO), TMZ 
(140  mg/kg), low dose ACTD (0.05  mg/kg), or high dose 
ACTD (0.1  mg/kg) according to the dosing schedule out-
lined in Supplementary Table 2. Animals were monitored 
for signs of tumor burden including, but not limited to, 
weight loss of >20%, head tilt, domed head, or abnormal 
gait. When humane endpoints were reached, animals were 
culled and brains harvested for histological analysis. For 
western blot analysis, brains were flash-frozen in cold 
isopentane and homogenized in radioimmunoprecipitation 
assay buffer at −20°C before being processed appropriately.

Immunostaining

Whole spheroids were processed and imaged as de-
scribed.16 Briefly, spheroids were incubated with pri-
mary antibodies at the following dilutions: Nestin 1:1000 
(Abcam) and Sox2 1:250 (Abcam). Secondary staining was 
performed using Alexa Fluor 488 and 594 secondary anti-
bodies (Invitrogen), followed by nuclear counterstaining 
with 4′,6′-diamidino-2-phenylindole (DAPI) (300 mM).

Immunohistochemistry was performed on free-floating 
sections treated with 10% goat serum for 2 hours at room 
temperature, and then stained with primary antibodies 
for Nestin (10C2), 1:500 (ab22035, Abcam); Sox2, 1:100 
(ab97959, Abcam); octamer-binding transcription factor 4 
(Oct4), 1:200 (ab19857, Abcam); and glial fibrillary acidic 
protein, 1:1000 (ZO334, Dako). Primary antibodies were 
detected using the appropriate secondary antibodies, and 

http://dtp.cancer.gov
http://dtp.cancer.gov
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
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images were acquired on a 3D-Histech Pannoramic-250 mi-
croscope slide scanner using a 20 ×/ 0.30 Plan Achromat 
objective (Zeiss) and processed using Case Viewer soft-
ware (3D-Histech).

Quantitative Real-Time PCR

Tumors were excised macroscopically and cells dissoci-
ated from untreated mice. Dissociated tumor cells were 
treated ex vivo with 0.1% DMSO or 10  nM ACTD for 24 
hours and total RNA extracted. Complementary DNA 
was synthesized and reverse transcription quantitative 
PCR was performed on a CFX96 Real-Time PCR Detection 
System (BioRad) with TaqMan reagents (ThermoFisher) 
according to the manufacturer’s recommended protocol. 
Gene expression was normalized to the expression of 18S. 
Detailed methods and reaction parameters can be found in 
the Supplementary Methods and Results.

Statistical Analysis

IC50 values were interpolated from sigmoidal dose-
response curves with 95% confidence intervals. IC50 values 
were evaluated for statistical significance via unpaired 
t-test, with significance set at P < 0.05. Where 3 or more 
groups were compared, one-way or two-way ANOVA 
with drug treatment as a factor, followed by Tukey’s mul-
tiple comparison test, was performed with significance 
set at P < 0.05. Survival was analyzed using Kaplan–Meier 
curves and log-rank (Mantel–Cox) tests. Error bars are rep-
resented by standard deviation unless otherwise stated. All 
statistical data analysis and curve fitting were performed 
using GraphPad Prism v8.

Hierarchical clustering was performed using the 
Morpheus matrix visualization and analysis software 
at https://software.broadinstitute.org/morpheus (Broad 
Institute).

Z′ factor values were calculated by measuring fluores-
cence or luminescence of replicate 0.1% DMSO vehicle-
treated cells and 25  µM benzethonium chloride–treated 
cells on quality control plates and chemosensitivity plates 
as described.20

Results

High-Throughput Screening in Patient-
Derived Glioma Stemlike Multicellular 
Spheroids Demonstrates Heterogeneity in 
Chemotherapeutic Response

Twelve patient-derived GSC lines were screened with 
the Approved Oncology Drugs Set VII at 10 µM (Fig. 1A). 
Cells were seeded in 384-well ultra-low attachment plates 
in supplemented NBM, which resulted in reproducible, 
multicellular spheroids within 12 hours (Supplementary 
Figure 1A). DMSO-treated (0.1%) and benzethonium 
chloride‒treated (25 µM) cells were used as controls, and 
cell death was measured using the PrestoBlue assay 96 
hours posttreatment. An orthogonal luciferase-based 

assay, CellTiter-Glo 3D, was used to exclude any poten-
tial interference from fluorescent drugs. Both assays were 
shown to be robust and reproducible, with Z′ values well 
above 0.5, indicating a high-quality screen (Supplementary 
Figures 2–5). The immortalized cell line U87 was also 
seeded in serum-free media and screened alongside 
patient-derived lines for comparison.

Hierarchical clustering of chemotherapeutic re-
sponse in the PrestoBlue HTS assay demonstrated 
that no specific drug classes produced consistent cell 
death across all GSCs. As expected, there was drug re-
sistance across all GSC lines, with the immortalized 
U87 cell line demonstrating much higher sensitivity to 
chemotherapeutics, with 77% of drugs inducing 75% 
cell death or more. Recurrent GSC lines TD2 and TS9, for 
which the patient had previously been exposed to irra-
diation and TMZ, were highly resistant—with 34.5% and 
13.5%, respectively, of drugs causing cell death at 75% 
or above (Supplementary File 1). Although there were 
GSC cell lines that were more resistant without prior ex-
posure to chemotherapy, drugs that showed consistent 
cell death across all cell lines were rare, with only ACTD, 
bortezomib, and paclitaxel having a cytotoxic effect on 
every line.

Actinomycin D Induces Cell Death at Low 
Concentrations In Vitro, Inhibiting Self-Renewal, 
Invasion, and Migration

Drugs that inhibited cell viability by more than 75% were 
ranked, and the 12 most potent drugs acting on each cell 
line taken forward for 6-point dose response analysis. 
Not all drugs tested generated an IC50 in all cell lines. 
Drugs that produced a dose-response curve in at least 3 
cell lines with no ambiguity are shown in Supplementary 
Figure 2. All IC50 data generated, plus 95% CIs, are re-
ported in Supplementary Data File 1.  We chose to test 
only paclitaxel and ACTD in our dose-response studies, 
as bortezomib has been tested in clinical trials and shown 
to penetrate and accumulate in GBM tumors without any 
antitumor effect, suggesting that alternative pathways in 
the tumor microenvironment are activated to protect neo-
plastic cells when systemic bortezomib is administered.21 
Paclitaxel has shown a modest effect in recurrent GBM, 
with 35% (n = 41) of patients showing disease stabiliza-
tion or better22; however, in our dose-response studies, 
only 4 of our 12 cell lines were sensitive to paclitaxel. 
ACTD was the only drug tested in dose response which 
generated IC50 values in all cell lines. As ACTD has not 
previously been investigated in the clinic for GBM, we 
decided to focus any further investigations on validating 
ACTD effect in more detail.

Further in vitro studies showed that primary mixed 
mouse astrocytes demonstrate a higher tolerance to ACTD 
compared with GSC lines, with an IC50 of 28 µM, whereas 
in mouse neural stem cells, the IC50 is a considerably lower 
7.2 µM (Fig. 1C). We also demonstrate that an increase of 
ACTD concentration leads to a corresponding increase 
in apoptosis through activation of caspase-3/7 in mouse 
NSCs and both recurrent GSC lines (Fig. 1D). We also in-
vestigated invasion in the 2 recurrent spheroid models 

https://software.broadinstitute.org/morpheus
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
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Fig. 1 (A) Heat map generated from the single shot 10 µM PrestoBlue viability screen. Data shown are the mean cell viability from duplicate wells 
from 2 separate runs. Rows are stacked by drug class and columns clustered by Euclidean distance. (B) Dose-response data for all patient-derived 
GSCs generated with ACTD in a 6-point dose response. (C) Mouse mixed astrocytes and mouse neural stem cells were compared with recurrent 
GSC lines to assess ACTD chemotoxicity. Data shown are the mean percent viability of 6 replicates per dose ± SD compared with controls. (D) 
Caspase-3/7 activation in mouse neural stem cells and recurrent GSC lines. Data shown are the mean fluorescence of 6 replicates per dose ± SD as 
a percentage of the positive staurosporine control.
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TD2 and TS9 to assess the capability of ACTD to inhibit in-
vasion, as well as proliferation. In both recurrent spheroid 
models, when ACTD was added to Matrigel, invasion de-
creased to approximately 70% and 50% at IC25. At IC50, in-
vasion into Matrigel was reduced to just 9.9% in TS9 cells 
and 27% in TD2 cells (Fig. 2A, B). Finally, in a limiting dilu-
tion spheroid assay, we show that spheroid recovery and 
secondary sphere generation were inhibited significantly 
(P  < 0.0001) by ACTD compared with vehicle and TMZ-
treated spheroids.

Actinomycin D Reduces Tumor Volume in a 
Subcutaneous Model of Recurrent GBM

To first assess drug effect in vivo without the possible con-
founding effect on drug penetration of the blood‒brain 
barrier, we tested ACTD in a subcutaneous model. After 
subcutaneous implantation of the recurrent GSC line TS9, 
mice were randomized to treatment. Vehicle-treated tu-
mors grew on average from 200 mm3 to over 700 mm3, 
whereas in animals treated with ACTD, tumor volume 
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was significantly reduced to an average of 85  mm3, ap-
proximately 11% of control (P < 0.0001) (Fig. 3A). Animals 
treated with TMZ also had a slight significant reduction 
in tumor volume (P = 0.0380). Kaplan–Meier analysis was 
generated based on survival from initiation of treatment to 
humane endpoint. ACTD treatment had a significant effect 
on survival in this model (P = 0.0322) with no ACTD-treated 
animal reaching endpoint by the conclusion of the planned 
treatment schedule (Fig. 3B).

Actinomycin D Reduces Tumor Growth in 
Orthotopic Models of GBM

A puromycin-resistant, luciferase-expressing popula-
tion of the recurrent TD2 patient-derived line was injected 
orthotopically into the right striatum of NSG mice. Based 
on pilot studies (Supplementary Figures 3–4), mice were 
imaged for bioluminescent signal at 6 weeks post-injection 
before randomization to treatment. Mice were dosed over 
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2 weeks, prior to reimaging at 8 weeks post-injection to 
assess tumor growth. ACTD significantly reduced tumor 
growth (P = 0.0125), while TMZ treatment had no signifi-
cant effect on tumor growth during treatment (P  > 0.9999) 
(Fig. 3C–E).

To assess long-term effects of ACTD treatment, the TD2 
patient-derived line was implanted into a cohort of 25 mice 
for survival analysis (Fig.  4A). Treatment with high dose 
(0.1 mg/kg) ACTD yielded a significant increase in median 
survival from 62 days in both untreated and vehicle-treated 
mice to 79 days post-implant (P = 0.0005). Temozolomide 
treatment returned no significant survival benefit, with 
a median survival of 58  days. Interestingly, low dose 

ACTD-treated (0.05 mg/kg) mice also had a significant me-
dian survival of 92  days post-implant (P = 0.0052); how-
ever, one mouse in this treatment cohort had to be culled 
at 42 days due to an adverse reaction to the pen used for 
marking, and was excluded. A  second demonstrated ex-
cessive circling and was culled at 40 days, which may or 
may not have been tumor related. This mouse was in-
cluded. Three surviving ACTD mice remained at the end of 
the study period.

Histological analysis of tumor tissue showed that 
vehicle-treated mice had a larger number of hypertrophic 
astrocytes infiltrating the tumor, while vehicle- and TMZ-
treated mice had significantly higher expression of the 
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stem cell marker Oct4 within the tumor (P = 0.0052) than 
ACTD-treated mice (Fig. 4B (quantification data shown in 
Supplementary Figure 5). Results from quantitative reverse 
transcription PCR confirmed that ACTD-treated tumor cells 
from both TS9 and TD2 patient-derived models had signif-
icantly lower expression of Oct4 at the mRNA level, along 
with 3 other putative stem cell markers: Nanog, c-Myc, and 
Sox2 (Supplementary Figures 6–7).

Actinomycin D Downregulates Sox2 in Preclinical 
Models of GBM

Along with a demonstrable effect on cell viability, we saw 
that Sox2 expression decreased significantly in all our 
spheroid models after 48 hours exposure to low dose 
ACTD (Fig.  5A–D). When ACTD-treated spheroids were 
stained via immunocytochemistry and quantified, Sox2 
was downregulated in TS9 cells by 65% and in TD2 cells 
by 80%. Western blots confirm Sox2 was downregulated 
in TS9 and TD2 cell lysates by 47% and 68%, respectively 
(Fig. 5B), suggesting that ACTD may be able to specifically 
target stemlike Sox2-expressing cells.

In excised TS9 subcutaneous tumors and TD2 orthotopic 
brain sections, Sox2 expression was also significantly 
downregulated in ACTD-treated mice compared with ve-
hicle- and TMZ-treated mice (Fig.  5E–H). In TS9 tumors, 
ACTD-treated tumor expression of Sox2 was 1.93% of con-
trols and in the orthotopic TD2 model, ACTD-treated Sox2 
expression was just 0.3% of controls (Fig. 5F).

In a fourth in vivo study, a small cohort of mice were 
injected with TD2 cells and had ACTD delivered only 
once to increase the likelihood of available tumor tissue 
(Supplementary Figure 8). Western blot analysis of the 3 
mice per group demonstrates that all mice had a signifi-
cant reduction in Sox2 protein expression compared with 
vehicle-treated controls when normalized to α-tubulin. 
These data all suggest that ACTD has a specific Sox2 
downregulation effect or preferential killing of Sox2-
expressing cells in vivo.

Discussion

Despite an increased knowledge of the molecular and ge-
netic pathogenesis of GBM, there are still limited treat-
ment options available for patients at tumor recurrence. 
In this study, we demonstrate a validated HTS assay using 
patient-derived multicellular GSCs that can generate con-
sistent, reproducible, and cost-effective drug sensitivity 
data on patient samples in a physiologically relevant 
format. Our assay highlights the intratumoral heteroge-
neity of GBM tumors seen in the clinic and the inherent 
resistance to standard chemotherapeutics that treatment-
naïve patients can present with. This approach identifies 
patient-specific sensitivities to FDA-approved compounds 
that could impact clinic decision making in a personalized, 
informative way. Our HTS found that ACTD had a broad cy-
totoxic effect in all our screened cell lines. To the best of 
our knowledge, ACTD has not been trialed in GBM or re-
current GBM, nor has it been studied in orthotopic models 
of adult brain tumors. Due to the lack of standard of care in 

recurrent GBM, we chose to explore the efficacy of ACTD in 
recurrent models of GBM.

Our preclinical study of ACTD demonstrates that not only 
is ACTD highly effective in recurrent GBM mouse models, 
it is well tolerated by nonneoplastic differentiated mouse 
cells, both in vitro and in vivo. In cultured mouse mixed 
astrocytes, we see a dramatic increase in the drug con-
centration necessary for 50% cell death, while histology 
in the orthotopic model reveals a reduced number of hy-
pertrophic glia in ACTD-treated mice (Fig. 4B). Additionally, 
mice tolerated drug treatment well, with no significant dif-
ference between weight change in ACTD-treated mice in 
TD2 tumor-bearing mice compared with vehicle-treated 
groups (Supplementary Figure 9). The efficacy of ACTD in 
orthotopic models also demonstrates that, in our hands, 
ACTD crosses the blood–brain barrier in vivo. Previous 
pharmacokinetic studies of ACTD indicate poor CNS pen-
etration and uptake in the brain23; however, surgical and 
radiological studies have shown that the blood–brain bar-
rier is disrupted to some extent in the majority of patients 
with GBM.24 This suggests there could be many drugs pre-
viously thought to be ineffectual in brain tumors that could 
have potential for GBM, despite not easily passing through 
an intact blood–brain barrier. Olaparib, for example, is un-
able to penetrate the blood–brain barrier in healthy preclin-
ical mouse models, yet was found to accumulate in 98.65% 
of both core and margin specimens from patients with re-
current GBM.25

There are many factors that contribute to the failure 
of treatments to dramatically improve survival for GBM 
over the last decade.26 One mechanism that is believed 
to be largely responsible for resistance to treatment, 
and tumor recurrence, is the presence of a population of 
cancer stemlike cells that escape surgical intervention. 
Hägerstrand et  al have previously demonstrated that a 
subset of highly tumorigenic cells from 20 GBM patients 
were Sox2 dependent, with an increased ability to form 
neurospheres and self-renew.27 The group also found that 
this Sox2-dependent phenotype had a specific sensitivity 
to combination tyrosine kinase inhibitors, demonstrating 
the feasibility of stem cell–targeting therapies in the clinic. 
Our preclinical study offers robust evidence of efficacy of 
ACTD in 2 recurrent GBM mouse models, demonstrating 
significant survival benefit compared with rechallenge of 
TMZ. We discovered, through methylation subgrouping, 
that both our recurrent tumor models were derived from 
O6-methylguanine-DNA methyltransferase (MGMT) 
unmethylated patients (Supplementary Data File 1). 
Overexpression of MGMT is associated with poor prog-
nosis and often confers resistance to TMZ,28,29 which is 
reflected in the response seen in our datasets to TMZ treat-
ment. While 7 ACTD-treated mice did eventually succumb 
to disease, ACTD-treated tumors had a significant decrease 
in Sox2 and Oct4 protein. In addition, mRNA levels of Sox2, 
Oct4, Nanog, and c-Myc were significantly downregulated 
in cells from both patient-derived models.

Sox2 is necessary for the regulation of a complex net-
work of transcription factors that affect expression of 
Oct4,30 with both Oct4 and Sox2 shown to be implicated 
in the regulation of Nanog.31 Chen et al have also previ-
ously demonstrated that c-Myc downregulation follows 
silencing of the Sox2 gene using short hairpin RNA.32 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa051#supplementary-data
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Therefore, our data strongly suggest that the survival ben-
efit of ACTD is due to a specific downregulation of the tran-
scription factor Sox2. ACTD binds strongly at guanine, and 
Sox2 has guanine-cytosine–rich 18 base pair sequences 
in the promoter region.33,34 This preferential binding of 
ACTD to guanine-cytosine–rich sites would explain the 
downregulation of Sox2 protein expression in our models. 
Significantly, ACTD has also been successful in the clinic as 
part of combination therapy for Ewing sarcoma, in which 
Sox2 has been demonstrated to have a fundamental role in 
growth and survival.35 Das et al have also recently shown 
that ACTD suppresses Sox2 at the transcriptional level, 
leading to the decrease in protein expression that we also 
see in our models.36

Interestingly, while we see an upregulation in apoptosis 
at high concentrations in our in vitro models, we also see 
a decrease in migration even at very low concentrations 
of ACTD. Additionally, mice treated with low dose ACTD 
had a higher median survival rate of 92 days, compared 
with just 62 days for vehicle-treated mice and 79 days for 
high dose ACTD. Low dose ACTD has recently been shown 
to restore p53 function in ependymoma positive for RELA 
(v-rel avian reticuloendotheliosis viral oncogene homolog 
A).37 ACTD stabilizes p53 through the disruption of ri-
bosome biogenesis, which redirects the RPL5/RPL11/5S 
rRNA pre-ribosomal complex to human double minute 
2 homolog inhibition.38 However, Cortes et al have found 
that low concentrations can also induce cell death in p53-
deficient neuroblastomas, indicating an alternative p53-
independent mechanism.39

Our recurrent GBM experimental models are based on 
undifferentiated GSCs that were amenable to culture post 
biopsy. Although we are confident that our in vivo models 
reflect the methylation subgroup of the original tumor 
tissue (Supplementary Data File 1), it is likely that there are 
other cells present within the tumor bulk that harbor var-
ious, unobservable, and potentially resistant phenotypes. 
The heterogeneous nature of GBM necessitates a multi-
modal approach, especially at recurrence, and this study 
indicates that ACTD could be a useful addition to second-
line therapy, enabling targeting of both the stem- and 
nonstem cell components of the tumor mass. ACTD has 
previously been demonstrated by Valeriote et al40 to have a 
dose-dependent, cycle-specific cytotoxicity effect on cells, 
killing proliferating neoplastic cells effectively at low doses 
while having a cytotoxic effect on leukemia stem cells 
through accumulation. In agreement with this observa-
tion, in our models we see a large initial decrease in tumor 
bulk, alongside a more long-term reduction in stemness 
markers.

Treatment at diagnosis with TMZ has been shown to in-
duce a hypermutated recurrent phenotype, with specific 
driver mutations in the Akt–mammalian target of rapa-
mycin and retinoblastoma pathways that are known to 
be induced by TMZ.41 Fractionated radiotherapy can also 
induce accelerated driver mutations in radioresistant 
cell populations in the tumor mass.42 Moreover, in vivo 
microRNA inhibition of Sox2 and Oct4 has been dem-
onstrated to increase survival in an orthotopic patient-
derived model of GBM when used in conjunction with 

radiotherapy and TMZ,43 while overexpression of Sox2 has 
been shown to enhance the expression of the multidrug-
resistant protein ABCC3 (ATP-binding cassette subfamily 
C member 3), which is overexpressed in human GBM at 
both the mRNA and the protein level.44 Thus, ACTD may 
also be a potential adjuvant to first-line therapy to reduce 
TMZ resistance and target stem cell populations post sur-
gical intervention.

It must be noted, however, that ACTD has been shown 
to potentiate radiotherapy effects posttreatment, thus 
some adverse effects may arise in patients who have 
had previous radiotherapy, or if ACTD was to be trialed 
in patients receiving ACTD as an adjuvant to the Stupp 
protocol. D’Angio et  al first described effects of combi-
nation ACTD with radiotherapy in the 1950s, publishing 
evidence that skin erythema appeared earlier than usual 
and at a much lower dose than expected.45 This implies 
that ACTD could accentuate the effect of radiation, yet 
there is to our knowledge no evidence of combination 
radiotherapy and ACTD in the brain. Preclinical in vivo 
studies that include radiotherapy would therefore be a 
must before ACTD was considered for first-line therapy, 
where targeted radiation is common. Despite this, our 
preclinical data strongly support the use of ACTD in the 
clinic for second-line therapy.

In conclusion, we have demonstrated that in multiple 
models of GBM, ACTD treatment significantly inhibits 
tumor growth and increases survival and that this is ac-
companied by a measurable decrease in Sox2-positive 
GSCs. Based on the current lack of options for relapsed 
GBM patients and the FDA-approval status of ACTD, we be-
lieve this study warrants further exploration of ACTD effi-
cacy in a clinical setting.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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