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Abstract 
Background.   Glioblastoma (GBM) is refractory to current treatment modalities while side effects of treatments 
result in neurotoxicity and cognitive impairment. Here we test the hypothesis that inhibiting CDK7 or CDK9 would 
effectively combat GBM with reduced neurotoxicity.
Methods.   We examined the effect of a CDK7 inhibitor, THZ1, and multiple CDK9 inhibitors (SNS032, AZD4573, 
NVP2, and JSH150) on GBM cell lines, patient-derived temozolomide (TMZ)-resistant and responsive primary 
tumor cells and glioma stem cells (GSCs). Biochemical changes were assessed by western blotting, immunofluo-
rescence, multispectral imaging, and RT-PCR. In vivo, efficacy was assessed in orthotopic and subcutaneous xen-
ograft models.
Results.   CDK7 and CDK9 inhibitors suppressed the viability of TMZ-responsive and resistant GBM cells and GSCs 
at low nanomolar concentrations, with limited cytotoxic effects in vivo. The inhibitors abrogated RNA Pol II and 
p70S6K phosphorylation and nascent protein synthesis. Furthermore, the self-renewal of GSCs was significantly 
reduced with a corresponding reduction in Sox2 and Sox9 levels. Analysis of TCGA data showed increased expres-
sion of CDK7, CDK9, SOX2, SOX9, and RPS6KB1 in GBM; supporting this, multispectral imaging of a TMA revealed 
increased levels of CDK9, Sox2, Sox9, phospho-S6, and phospho-p70S6K in GBM compared to normal brains. 
RNA-Seq results suggested that inhibitors suppressed tumor-promoting genes while inducing tumor-suppressive 
genes. Furthermore, the studies conducted on subcutaneous and orthotopic GBM tumor xenograft models showed 
that administration of CDK9 inhibitors markedly suppressed tumor growth in vivo.
Conclusions.   Our results suggest that CDK7 and CDK9 targeted therapies may be effective against TMZ-sensitive 
and resistant GBM.

Key Points

1	 CDK7/9 inhibitors suppress the growth and self-renewal of GBM cells and glioma stem 
cells with minimal cytotoxicity. 

2	 CDK7/9 inhibition suppresses oncogenic genes and induces tumor suppressors. 

3	 CDK9 inhibitors abrogate GBM growth in mouse xenograft models.

Glioblastoma (GBM) is the most lethal primary malig-
nant brain tumor in adults, with a median survival of 15-18 
months.1–3 Surgical resection followed by concomitant treat-
ment with radiation and chemotherapy using temozolomide 

(TMZ)4 remains the standard of care for GBM. GBM tumors are 
highly invasive, and complete resection of the tumor-infiltrated 
areas of the brain is impossible without affecting vital neu-
rological functions. Additionally, GBMs are enriched with 

CDK7 and CDK9 inhibition interferes with transcription, 
translation, and stemness, and induces cytotoxicity in 
GBM irrespective of temozolomide sensitivity  
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glioma stem cells (GSCs), which enable the recurrence of 
molecularly distinct, aggressive tumors that are resistant 
to current therapies. The intrinsic tumor cell infiltration 
and treatment-related cytotoxicity provoke neuronal dys-
function and cognitive impairment in patients, resulting in 
poor quality of life5,6; therefore, effective therapies that are 
tumor-specific and less neurotoxic are needed to combat 
GBM.

GBM tumors exhibit dysregulation within multiple reg-
ulatory pathways including p53, Rb, and receptor tyrosine 
kinase-associated signaling cascades.7–10 Alterations of 
these pathways allow cells to evade critical tumor sup-
pressive mechanisms such as cell-cycle checkpoints, se-
nescence, and apoptosis, resulting in tumor progression. 
Despite significant efforts, no novel agents have proven 
effective against the oncogenic drivers in GBM11,12; fur-
thermore, most mono-therapies using targeted inhibitors 
activate compensatory signaling pathways, resulting in 
therapy resistance.13–16 GSCs play critical roles in initiation, 
invasion, therapy resistance, and recurrence of GBM,17–20 
and are refractory to standard chemotherapy agents; 
therefore, therapies targeting both the bulk tumor and 
GSCs are crucial for effective treatment of this disease. Our 
results predict that inhibitors of CDK7 and/or CDK9 might 
bring about such an effect and specifically target the ac-
tively dividing GBM cells and GSCs while sparing the dif-
ferentiated brain cells.

CDK7 is a component of the transcription factor TFIIH, 
which facilitates transcription initiation by phosphoryl-
ating Ser-5 in the heptad repeats of the C-terminal domain 
(CTD) of RNA polymerase II (Pol II).21 Additionally, CDK7 
represents the catalytic subunit of the CDK Activating 
Kinase complex, which promotes cell-cycle progres-
sion. CDK9 is a component of the P-TEFb (CDK9/CyclinT1) 
complex, which phosphorylates the Pol II CTD at Ser-2 
allowing productive elongation and generation of long 
transcripts from which mRNAs are derived. Previously, 
we had found that apoptosis in primary neurons is as-
sociated with activation of Pol II-dependent transcrip-
tion and p70S6K-dependent translation.22 We observed 
increased expression of CDK7 and CDK9 in the neurons, 
and the inhibition of transcription using a CDK2/5/7 in-
hibitor (roscovitine), a CDK4/6/9 inhibitor (flavopiridol), 
or a RNA Pol II inhibitor (5,6-dichloro-1-β-D ribofuranosyl 
benzimidazole, DRB), protected the neurons by inter-
fering with both transcription and translation. Based 

on these observations, we reasoned that inhibition of 
CDK7 or CDK9 would suppress the growth of actively di-
viding GBM tumor cells while protecting the post-mitotic 
neurons. Supporting this notion, it has been shown that 
the inhibition of CDK7 interferes with super enhancer-
associated transcription to suppress GBM growth.23 We 
report here that the CDK7 inhibitor THZ1,24 as well as sev-
eral CDK9 inhibitors (SNS032,25 LY2857785,26 AZD4573,27,28 
NVP229 and JSH15030) significantly reduce the viability, 
invasiveness, and self-renewal of GBM cell lines, patient-
derived TMZ-responsive and resistant GBM cells, as well 
as GSCs through inhibition of Pol II and p70S6K. Our data 
suggest that the CDK7/9 inhibitors could be an attractive 
option for combating GBM, along with established ther-
apies such as TMZ.

Materials and Methods

Materials

The sources for the cell culture media, CDK7 and CDK9 
inhibitors, and the various antibodies are provided in the 
Supplementary Methods section.

Glioma Patient-Derived Cells, GSCs, and GBM 
Cell Lines

Previously characterized GSC576 was provided by Dr. 
Cameron Brennan31,32; GBM6 established by Mayo Clinic 
was from Dr. Derek Duckett.33 BT89 cells were purchased 
from ATCC and cultured as suggested by the supplier. 
Patient-derived TMZ-responsive (GBM42WT) and TMZ-
resistant (GBM42R) primary cells were from Dr. Deanna 
Tiek34; the GBM4335 line established by Mayo Clinic and 
GSC147832 were from Dr. Shi-Yuan Cheng. The GBM cell 
lines (U87, U251, U251R, T98G and H4) used in this study 
are described in the Supplementary Methods.

Cell Viability Assay

Viability of indicated cells was measured using either MTT 
(Methylthiazolyl diphenyl-tetrazolium bromide)36,37 or 
CellTiter-Glo assays (see Supplementary Methods).

Importance of the Study

We had previously demonstrated that inhibition of 
CDK7 or CDK9 protects primary neurons against var-
ious stress-induced apoptosis. Since cytotoxicity is 
a major challenge in the current treatments for GBM, 
we hypothesized that inhibition of CDK7 or CDK9 would 
selectively eliminate the actively dividing cancer cells 
and spare the differentiated brain cells from therapy-
induced cytotoxicity. Our results support this notion 
and show that CDK7 and CDK9 inhibitors suppress 

oncogenes while simultaneously increasing the expres-
sion of genes involved in tumor suppression, neuronal 
activity, differentiation, and growth arrest. Furthermore, 
these inhibitors significantly constrain the growth of 
glioma stem cells, which contribute substantially to the 
GBM heterogeneity, tumor relapse, as well as TMZ-
insensitivity. Based on these data and data from the in 
vivo experiments, we postulate that targeting CDK7 or 
CDK9 would be beneficial for combating GBM.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
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Nascent Protein Synthesis Assay

Click-iT Plus OPP Protein Synthesis Assay kit with the Alexa 
Fluor 488 Picolyl Azide from ThermoFisher (Cat # C10456) 
was used to determine the effect of THZ1 and SNS032 on 
protein synthesis.

Cell-Cycle Analysis

Propidium iodide staining followed by Flow cytometry was 
used to analyze the effect of CDK9 inhibitors on cell-cycle 
progression36 (see Supplementary Methods).

Western Blot Analysis

Western blotting was conducted as described previously37; 
briefly, GBM cells were treated with the indicated concen-
trations of the inhibitors; 30-40 μg of proteins were re-
solved by PAGE and transferred to 0.2 μm nitrocellulose 
membrane for antibody probing and development using 
the ECL reagent.

Immunostaining Analysis for BrdU Incorporation

Cells were cultured in poly D-lysine coated 8-chamber 
slides, treated with the indicated concentrations of SNS032 
or THZ1 for 24 hours, incubated with 10 µM BrdU for 4 
hours, and immunostained as described previously.22

Sphere Formation Assay

To test the effect of CDK inhibitors on the 3D growth and 
self-renewal, GBM cells were plated in 96-well ultra-
low attachment plates at a density of 1000 cells/well in 
serum-free DMEM/F12 containing EGF, bFGF, and N2 sup-
plements38 and treated with the indicated inhibitors. The 
spheres larger than 50 µm were quantified after 8-10 days 
using an EVOS imaging system.

Colony Formation Assay

Soft agar colony formation assays were performed to de-
termine the effect of drugs on anchorage-independent 
growth.37 The colonies were stained with MTT, scanned on 
an EPSON flatbed scanner, and quantified using Image J.

Migration and Invasion Assays

Effect of the drugs on cell migration and invasion was as-
sessed by wound healing and Boyden chamber assays36 
(see Supplementary Methods).

TCGA Data Analysis

The level-3 normalized microarray gene expression data of 
GBM (n = 502) were obtained from TCGA Cancer Genomics 
portal (http://firebrowse.org/). The correlations of gene ex-
pression among CDK7, CDK9, SOX2, SOX9, and RPS6KB1 

(gene for P70S6K) were measured by Pearson correlation 
coefficient. Relative gene expression across samples is 
shown on the heatmap based on the z-scores.

Multiplex Imaging of Tumor Microarray

This was conducted using Biosciences OPAL 7-Color 
Automation IHC kit (Waltham, MA) on the BOND RX 
autostainer (Leica Biosystems, Vista, CA). After multi-
plex staining, the slides were imaged with the Vectra3 
Automated Quantitative Pathology Imaging System (See 
Supplementary Methods).

RNA-Seq and RT-PCR Analysis

For RNA-Seq analysis, U251 and U87 cells were treated 
with 100 nM THZ1 or 500 nM SNS032 for 24 hours, and 
RNA was isolated using RNeasy mini kit from Qiagen. 
RNA-seq analysis was conducted by Novogene. For RT-PCR 
analysis, cDNA synthesized from the RNA was analyzed on 
a BioRad CFX96 real-time PCR machine using SYBR Green 
master mix and appropriate primers (See Supplementary 
Methods).

Orthotopic and Subcutaneous Xenograft Models

All animal experiments were conducted under an IACUC 
protocol approved by the University of South Florida. 
For the orthotopic implantation model, 5 × 105 U251-luc 
cells were implanted into the brains of 8 weeks-old SCID 
mice. For the subcutaneous xenograft model, 1 × 106 
GSC576 cells were suspended in 1:1 Matrigel and im-
planted on both flanks of nude mice. Once volumes of 
the tumors reached ~100 mm3, the mice were random-
ized into three groups of 8 mice each for treatment with 
vehicle, SNS032, or AZD4573. Details of the cell implan-
tation, Alzet pump-mediated drug delivery and quantifi-
cation of the tumors are described in the Supplementary 
Methods.

Statistical Analysis

All the experiments were conducted at least three inde-
pendent times. Viability, migration, soft agar colony forma-
tion, and self-renewal were conducted in triplicates each 
time and statistical analysis was performed using Student’s 
t-test. Survival analysis was conducted by Kaplan–Meier 
curve and log-rank (Mantel-Cox) test. Statistical signifi-
cance was established at *P < .05 (**P < .01 and ***P < .001).

Results

CDK7 and CDK9 Inhibitors Significantly Reduce 
the Viability of GBM Cells

We first tested the effect of the CDK7 and CDK9 inhibi-
tors, THZ1 and SNS032, on the viability of three different 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://firebrowse.org/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
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GBM cell lines by MTT assay. We observed a significant 
reduction in the viability of H4, U87, and U251 cells after 
72 hours of treatment (Figure 1A-C). Both U87 and U251 
cells showed sensitivity towards THZ1 and SNS032 at 
nanomolar concentrations (representative IC50 curves for 
U251 are shown in Figure 1D-E); H4 cells showed an IC50 of 
~150 nM for THZ1 and ~1.5 µM for SNS032. These data sug-
gest that SNS032 and THZ1 effectively suppress GBM cell 
viability with high potency.

THZ1 and SNS032 Inhibit Phosphorylation of 
p70S6K in GBM Cells

Our previous studies demonstrated that the pan-CDK 
inhibitors flavopiridol and roscovitine interfere with 
p70S6K activation and translation in primary neurons, 
while protecting them from apoptosis.22 Here we tested 
whether THZ1 or SNS032 affect p70S6K in GBM cells. 
As shown in Figure 1F-1G, U87 and H4 cells treated with 
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Figure 1.  CDK7 and CDK9 inhibitors significantly reduce viability and abrogate p70S6K phosphorylation and protein synthesis in GBM 
cells. (A–C) Cell viability. H4, U87, and U251 cells treated with THZ1 or SNS032 for 72 hours. *P < .05; **P < .01. (D, E) IC50 analysis showing 
the potency of THZ1 and SNS032 against U251 cells. THZ1 was tested at a range of 10 nM to 5 μM and SNS032 from 20 nM to 10 μM. (F-I) 
Western blot analysis (WB). (F, G) Treatment with THZ1 and SNS032 decreased the levels of S411 and T421/S424 P-p70S6K in U87 and H4 
cells and P-T389 in H4 cells. GAPDH was used as a loading control. (H, I) Knockdown (KD) of CDK7 or CDK9 by pooled siRNA reduced S411, 
T389 and T421/S424 phosphorylation on p70S6K in U87 cells, more with siCDK9 than siCDK7; scrambled siRNA was used as a control. Actin 
was used as a loading control. (J) U251 and U87 cells were treated with THZ1 or SNS032 and nascent protein synthesis was measured by 
OPP incorporation (green). Nuclei were stained with DAPI (blue); scale bar, 400 µm. (K, L) quantification of nascent protein synthesis in 
U251 (K) and U87 (L). 
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THZ1 or SNS032 revealed a marked reduction in p70S6K 
phosphorylation on multiple sites (T389, S411, T421, and 
S424). siRNA knockdown (KD) of CDK9, and to a lesser 
extent CDK7, confirmed that these kinases play a spe-
cific role in p70S6K phosphorylation. Compared to con-
trol siRNA-treated cells, a decrease in phosphorylation 
of p70S6K at T389, S411, and T421/S424 epitopes was ob-
served in U87 cells treated with 100 nM CDK9 siRNA, with 
maximum effect on the phosphorylation of S411 epitope 
(Figure 1H-I). CDK7 KD cells showed changes mainly in 
the T421/S424 phospho-p70S6K (Figure 1I). These data 
suggest that the decrease in p70S6K phosphorylation 
caused by SNS032, more than THZ1, resulted from inhibi-
tion of these CDKs, and not from off-target effects. Since 
phosphorylation of p70S6K at the above amino acid res-
idues are critical for protein translation, we examined if 
CDK7 and CDK9 inhibitors suppress protein translation. 
A nascent protein synthesis assay was conducted using 
the Click-iT OPP (O-Propargyl-Puromycin) reagent. As 
shown in Figure 1J to 1L, treatment of U251 and U87 cells 
with THZ1 and SNS032 significantly reduced OPP incor-
poration as evidenced by reduced fluorescence intensity 
(quantified in Figure 1K-L), indicating that these inhibitors 
suppress p70S6K activity and nascent protein synthesis. 
We next assessed if an inhibitor of p70S6K enhances the 
efficacy of THZ1 and SNS032 on GBM cells and found that 
M2698, a dual inhibitor of p70S6K and Akt, could coop-
erate to a certain extent with THZ1 and SNS032 to reduce 
the viability of U251, U87, and H4 cells (Supplementary 
Figure 1 A-C).

p70S6K Inhibitor Enhanced Akt and ERK 
Phosphorylation in GBM Cells

Next, we examined whether M2698 cooperates with THZ1 
or SNS032 to attenuate p70S6K phosphorylation in GBM 
cells. U87 and U251 cells treated with SNS032 for 24 hours 
showed a strong decrease in S411 but a weak effect on T421/
S424 phospho-p70S6K. THZ1 had only a marginal effect 
at the concentration tested (Figure 2A). M2698 treatment 
alone reduced p-T421/S424 levels, and this was further re-
duced when it was combined with THZ1 or SNS032 (Figure 
2A and B). Treatment with THZ1 and SNS032 showed only 
marginal reduction in p70S6K phosphorylation in H4 cells. 
However, when combined with M2698, SNS032 markedly 
reduced the phosphorylation at S411 but not at T421/S424 
sites, whereas THZ1 mainly reduced phospho-T421/S424 
(Figure 2C). Levels of phospho-Pol II were also reduced 
with SNS032 treatment in U87 and U251 cells but not H4, 
at the concentrations tested; this correlates with the cell vi-
ability analysis, which showed that H4 cells require higher 
doses of THZ1 and SNS032 for complete growth suppres-
sion (Figure 1; Supplementary Figures 1 and 2).

Since M2698 is known to inhibit both Akt and p70S6K,39 
we examined the levels of Akt phosphorylation in the 
cells by reprobing the blots with the Pathscan Western 
Cocktail 1 antibodies. Surprisingly, M2698 treatment led to 
an increase in the levels of phospho-Akt in the GBM cells 
(Figure 2A-C, bottom rows). Additionally, phospho-ERK 
was also increased in M2698-treated U87 and H4 cells, 
implying that treatment with this agent alone may enhance 

both proliferation and survival-associated signaling in 
GBM cells. This activation of Akt and ERK by M2698 may be 
the reason for its lack of single-agent impact on the GBM 
cell viability we observed. The mechanisms driving the acti-
vation of ERK and Akt are unclear at this point. Despite ERK 
and Akt activation, M2698 additively inhibited cell viability 
when combined with THZ1 or SNS032 (Supplementary 
Figures 1 and 2). Probing with the cocktail antibody also 
showed a complete loss of p-S6 (Figure 2A-C, bottom 
panels labeled Pathscan), confirming that p70S6K activity 
is indeed inhibited upon M2698 treatment. Reprobe of the 
blots also showed that THZ1 and SNS032 as single agents 
or in combination with M2698 show nominal increase in 
PARP cleavage in U87 and H4 cells 24 hours after treatment 
(Figure 2A-C).

Given the reduction in cell viability, BrdU incorpora-
tion assays were conducted to assess if the inhibitors af-
fected cell proliferation. U251 and U87 cells treated with 
100 nM THZ1 or 500 nM SNS032 showed a significant re-
duction in BrdU incorporation (Figure 2D-F). Furthermore, 
cell-cycle analysis conducted on U87 and the intrinsically 
TMZ-resistant T98G cells revealed that treatment with 500 
nM SNS032 or 25 nM AZD4573, a more potent CDK9 inhib-
itor, for 24 and 48 hours resulted in G2 arrest (Figure 2G-H; 
Supplementary Figure 3), suggesting that the transcrip-
tional inhibitors attenuate proliferation and induce mitotic 
arrest prior to induction of apoptosis.

THZ1 and SNS032 Inhibit Cell Migration and 
Anchorage-Independent Growth of GBM Cells

The effect of CDK7 and CDK9 inhibitors on the migration 
and anchorage-independent growth of H4 and U251 cells 
was examined. THZ1 and SNS032 reduced the migration 
of the cells effectively (Figure 2I, 2K); combining with 
M2698 did not elicit an additive effect at the doses tested 
(Figure 2J-K). Analysis of anchorage-independent growth 
by soft agar assay showed a significant, concentration-
dependent, reduction in colony formation in both U87 
and H4 cells (Figure 2L). M2698 alone markedly reduced 
colony formation in H4 cells, which was further reduced 
when combined with THZ1 or SNS032 (Supplementary 
Figure 4 A-C); such an added effect was not observed in 
U87 cells, indicating that each GBM cell line responds to 
the inhibitors differently, despite the major shared muta-
tions in these cells.

TMZ-Resistant GBM Cells are Responsive to 
THZ1 and SNS032 Treatment

Since a major challenge in GBM treatment is TMZ resist-
ance, we tested whether CDK inhibitors could abrogate 
the growth and oncogenic characteristics of TMZ-resistant 
cells. Treatment with 100 nM THZ1 or 500 nM SNS032 
significantly reduced the viability of TMZ-resistant U251 
(U251R) cells, indicating that these CDK inhibitors can 
eliminate GBM cells that are resistant to TMZ (Figure 
3A). Additionally, nanomolar concentrations of THZ1 and 
SNS032 markedly reduced the levels of phospho-Pol II and 
phospho-p70S6K in U251R cells, comparable to parental 
U251 cells. These changes did not occur in cells that were 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
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only treated with 100 µM of TMZ (Figure 3B). Consistent 
with these results, THZ1 and SNS032 suppressed the 
anchorage-independent growth of both U251 and U251R 
cells in soft agar (Figure 3C-D), while treatment with TMZ 
inhibited colony formation only in TMZ-responsive U251 
cells.

3D spheroids are considered as better model system 
than 2D cultures for drug efficacy studies in cancer. We 
generated spheroids from U251, U87-GFP, and H4 cells by 
growing them in serum-free DMEM/F12 containing EGF, 
bFGF, and N2 supplements; treatment with THZ1, SNS032 
or M2698 for 10 days reduced the spheroid formation, 
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indicative of the ability of the drug to interfere with the 
growth of non-adherent spheroids; M2698 was less ef-
fective as a single agent (Supplementary Figure 5 A-F). 
Similarly, while the resistant U251R cells continued to 
form spheres in the presence of TMZ, spheroid formation 
was suppressed by THZ1 and SNS032 (Figure 3E-F). At 
molecular level, THZ1 and SNS032 markedly reduced the 
levels of Sox2 and Sox9 in both TMZ-responsive and re-
sistant GBM cells, but not in cells treated with TMZ alone 
(Figure 3G; Supplementary Figure 6). Taken together, CDK7 
and CDK9 inhibitors effectively suppress the growth and 
stem-like characteristics of GBM cells that are refractory to 
TMZ.

Expressions of CDK7, CDK9, SOX2, SOX9, and 
RP6KB1 are Altered in Clinical Gliomas

Analysis of the expression correlations among CDK7, 
CDK9, SOX2, SOX9, and RPS6KB1 in the TCGA GBM gene 
expression dataset (http://firebrowse.org/) showed a sig-
nificant correlation between SOX2 and SOX9 (r = 0.41, 
P < .001) (Figure 4A-B). Furthermore, comparative analysis 
showed that SOX2 and SOX9 expression were significantly 
higher in glioma patient samples compared to the normal 
brain (Figure 4C-D; 502 glioma tumors and 10 normal 
samples), which might contribute to the maintenance of 
the GSC population and resistance development. CDK7 
or CDK9 expression were not significantly altered but the 
levels of RPS6KB1 were elevated (Figure 4E). To further val-
idate the observations from TCGA dataset, we conducted a 
multispectral imaging on a GBM TMA (GL806f, US Biomax, 
Inc.), and assessed the expression levels of CDK7, CDK9, 
Sox2, Sox9, and phospho-p70S6K; GFAP was used as 
tumor marker. We observed increased expression of CDK9, 
Sox2, and Sox9 in the GBM cores compared to the normal 
brains (Figure 4F-H); CDK7 levels also showed a signifi-
cant increase in the GBM cores, but to a lesser extent. The 
phospho-p70S6K antibody did not work in the multispec-
tral imaging, but IHC showed a significant increase in its 
levels in the GBM samples (Supplementary Figure 7 A-B); 
similarly, phospho-S6 showed a marked increase by IHC 
in the GBM samples (Supplementary Figure 7C). Taken 
together, these data suggest that CDK9, Sox2, Sox9, and 
p70S6K might contribute to GBM tumorigenicity and their 
suppression would negatively impact GBM growth.

CDK7 and CDK9 Inhibition Suppressed Growth of 
Patient-Derived GSCs, Primary GBM Cells as Well 
as PDX-Derived Cells

Given the results from the TMAs, we expanded our studies 
to patient-derived GBM cells and GSCs. Three previously 
characterized GSCs (GSC576,31 GSC1478,32 and GBM633) 
were treated with varying concentrations of THZ1 or 
SNS032 for 96 hours; both THZ1 and SNS032 significantly 
reduced the viability of GSCs at nanomolar concentra-
tions (Figure 4I-K). THZ1 (100 nM) and SNS032 (500 nM) 
also reduced the phosphorylation of Pol II and p70S6K in 
the GSCs (Figure 4L); THZ1 showed only a mild effect on 
the phospho-p70S6K in GSC576. Expression of Sox2 and 
Sox9 as well as levels of total ERK were reduced upon 

treatment with SNS032 in all the three GSCs, while THZ1 
showed effect mainly in GSC1478 (Figure 4L). Treatment 
of these GSCs, as well as, patient-derived TMZ-responsive 
(GBM42WT) and resistant (GBM42R) cells, and GBM43 
PDX cells, with additional CDK9 inhibitors (LY2857785, 
AZD4573, NVP2, or JSH150) showed that these agents, 
especially AZD4573 and NVP2, induce significant cytotox-
icity at very low nanomolar concentrations (Figure 4M; 
Supplementary Figure 8). These results suggest that CDK9 
inhibition can eliminate TMZ-insensitive GBM cells as well 
and maybe a viable option for treating GBM.

CDK9 Inhibition Interferes With Invasiveness, 
Anchorage-Independent Growth, and Self-
Renewal of Patient-Derived, TMZ-Responsive and 
Resistant, GBM Cells

Since GBM tumors are highly invasive, next we exam-
ined if CDK9 inhibitors interfere with invasion of the tumor 
cells. Boyden chamber assays conducted with GBM42WT 
and GBM42R cells showed that treatment with 500 nM 
SNS032 or 50 nM AZD4573 significantly reduce their in-
vasion (Figure 4N). Similarly, a soft agar colony formation 
assay showed that 25 nM AZD4573 and 250 nM SNS032 
interfere with the anchorage-independent growth of both 
TMZ-responsive and resistant GBM42 cells (Figure 4O); 
treatment with 50 nM AZD and 500 nM SNS032 completely 
eliminated the colony formation. Furthermore, AZD4573 
and NVP2 could suppress self-renewal and sphere-forming 
capability of both GBM42WT and GBM42R cells even at 
10 nM concentration, while 25nM completely eliminated 
the spheres (Figure 4P). Altogether, these data clearly 
show that CDK9 inhibitors have the potential to inhibit the 
growth of GBM cells and GSCs.

Genes Associated With Tumor Suppressive 
Pathways are Upregulated in GBM Cells Treated 
With THZ1 and SNS032

To further understand the pathways affected by these CDK 
inhibitors, we analyzed the global gene expression pro-
files in U87 and U251 cells treated with THZ1 (100 nM) or 
SNS032 (500 nM) for 24 hours, by RNA-Seq. Significant 
changes were found in both U87 and U251 cells (Figure 
5A-B and Supplementary Figure 9 A-D); overlapping and 
differential regulation of several genes were observed 
(Supplementary Figure 9 A-B). Hypergeometric test 
showed that both overlaps were highly significant (P < 10^-

6). A REACTOME pathway analysis using the dataset from 
RNA-seq showed alterations in several pathways, in-
cluding those involved in cell cycle, chromatin remodeling, 
and p53-associated transcriptional regulation (Figure 
5C-D). Expression of several genes involved in neuronal 
activity, plasticity, tumor suppression, cell-cycle arrest, cell 
differentiation, DNA damage and/or apoptosis, etc., such 
as EGR1, ARC, GADD45A, GADD45B, and CDKN1C, were 
increased upon inhibition of CDK7 and CDK9, suggesting 
potential mechanisms by which these inhibitors abro-
gate GBM growth. Moreover, these data also imply that 
CDK7/9 inhibition might not adversely affect differentiated 
neurons but rather complement their normal functioning. 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://firebrowse.org/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
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Figure 4.  Alterations in CDK9, SOX2, SOX9 and RPS6KB1 gene expression in clinical GBM samples and responses of patient-derived glioma stem 
cells and GBM cells to THZ1 and CDK9 inhibitors: (A-B) Relative gene expression (z-score) across TCGA glioma samples and correlation analysis 
for co-expression of SOX2 and SOX9. (C–E) Normalized expression values showed significantly elevated levels of SOX2 (C), SOX9 (D), and RPS6KB1 
(E) in the TCGA gliomas compared to the normal samples. F–H: Multiplex imaging analysis on a GBM TMA showed increased expression of Sox2, 
Sox9, CDK9 and a lesser increase in CDK7 in the tumor (F) compared to normal (G) brain tissues. GFAP was used as the tumor marker and DAPI for 
the nuclei; scale bar, 100 µm. (H) Quantification from the TMA. I-K: CellTiter-Glo assays on three different glioma stem cells. GSC1478 (I), GSC576 (J), 
and GBM6 (K) spheres treated with varying concentrations of THZ1 or SNS032. (L) WB for P-Pol II, S411 P-p70S6K, Sox2, and Sox9 in GSCs treated 
with 100 nM THZ1 or 500 nM SNS032. M: IC50 values of cell viability for U87, T98G, GBM42WT, GBM42R, GBM43 PDX, and GSC576 treated with 10 
different concentrations of SNS032, JSH150, NVP2, or AZD4573 for 72 hours. N: Matrigel invasion assay. GBM42WT or GBM42R cells were plated 
in Boyden chamber and treated with 500 nM SNS032 or 50 nM AZD4573 and the invaded cells were quantified. O: Soft agar colony formation assay 
for GBM42WT and GBM42R cells treated with 25 nM AZD4573 or 250 nM SNS032. P: Self-renewal capacity of GBM42WT and GBM42R cells treated 

with 10 nM AZD4573 or 10 nM NVP2.
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A subset of genes that showed altered expression in the 
treated GBM cells were validated by RT-PCR. The expres-
sion of EGR1, ARC, GADD45A, GADD45B, and CDKN1C 
were elevated in U87, U251, and U251R cells treated with 
the CDK7/9 inhibitors whereas that of EGFR was decreased 
(Figure 5 E-F, and Supplementary Figure 9 E-H).

Furthermore, studies conducted on various GBM 
cells and GSCs (T98G, U87, GSC576, BT89, GBM42WT, 
GBM42R, and GBM43 PDX line), treated with additional 

CDK9 inhibitors [SNS032 (500 nM), AZD4573 (20 nM), 
LY2857785 (500 nM), NVP2 (25 nM), and JSH150 (150 nM)] 
showed similar changes in gene expression patterns, 
analogous to that observed in U87 and U251 cells treated 
with SNS032 (Figure 5 G-L and Supplementary Figure 
10 A-E). These data predict that CDK9-targeted therapies 
would bring about the anti-tumor activity by promoting 
tumor suppressive mechanisms in the cells within the 
highly heterogeneous GBM tumor, irrespective of their 
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Figure 5.  Simultaneous activation and inhibition of tumor suppressive and tumor promoting pathways in CDK7 and CDK9 inhibitor treated GBM 
cells. (A-B) Volcano plots from U87 cells treated with 100 nM THZ1 or 500 nM SNS032 for 24 hours. (C–D) REACTOME pathway analysis using 
the RNA-seq dataset from U87 cells treated with THZ1 or SNS032 show alteration in several signaling pathways. (E) Expression changes in a 
selected set of genes in U87 cells treated with 100 nM THZ1 or 500 nM SNS032 for 24 hours, taken from RNA-seq dataset. (F) RT-PCR analysis 
confirmed the changes observed by RNA-seq in U87 cells. Data from cells treated with THZ1 (100 nM), SNS032 (500 nM) or TMZ (100 µM). (G–L) 
RT-PCR analysis for changes in expression of the indicated genes in intrinsically TMZ-resistant T98G cells (G–J), GSC576 (K) or GSC BT89 (L) cells, 
treated for 24 hours with the indicated CDK9 inhibitors (500 nM SNS032, 500 nM LY2857785 or 50 nM AZD4573).
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sensitivity to TMZ. Analysis conducted on primary rat cor-
tical neurons showed that treatment with THZ1 or SNS032 
did not drastically affect their viability (Supplementary 
Figure 11), even at concentrations higher than that was 
required for significant cytotoxicity induction in TMZ-
sensitive and resistant GBM cells and GSCs (Figure 1A-C; 
Figure 3A; Figure 4I-K). Thus, these results further suggest 
the therapeutic potential of CDK7 and CDK9 inhibitors in 
suppressing GBM without eliciting cytotoxicity in post-
mitotic neurons.

CDK9 Inhibitor Treatment Shows a Time-
Dependent Decrease in Phosphorylation of 
p70S6K and Pol II and Markedly Reduced the 
Expression of Mcl1 in GBM Cells and GSCs

Since CDK7 and CDK9 inhibitors elicited significant cy-
totoxic effects at low nanomolar concentrations, we 
conducted a time course analysis for changes in phospho-
p70S6K and phospho-Pol II in GBM42WT and GBM42R cells 
treated with 50 nM AZD4573. Phosphorylation of p70S6K at 
S411 was decreased within 3 hours of inhibitor treatment 
(Figure 6A) whereas that at T421/S424 was decreased only 
after 24 to 48 hours (Figure 6A). Similarly, phospho-Pol II 
also decreased within 3 hours after AZD4573 treatment, 
and it continued to decrease during the time course (Figure 
6B). Total levels of p70S6K and Pol II were not affected at 
the early time points but were decreased by 24 hours. 
Quantification of the WB data showed that the phosphoryl-
ation on S411-p70S6K and S2-Pol II remained significantly 
low at all the tested time points (Figure 6C-E). Interestingly, 
AZD4573 treatment led to a decrease in the levels of Mcl1, 
a target of CDK9, that is known for its anti-apoptotic func-
tion and contribution to drug resistance (Figure 6B, row 
3). Supporting this, both WT and resistant GBM42 cells 
showed a time-dependent increase in PARP cleavage indic-
ative of induction of apoptosis in response to the treatment 
(Figure 6A, row 4). Similarly, the levels of Sox9 were also 
decreased in a time-dependent fashion upon treatment 
with AZD4573 (Figure 6B, row 4).

Similar observations were made with GSC576 and T98G 
cells, treated with 100 nM THZ1, 500 nM SNS032, or 50 
nM AZD. Here also we observed a decrease in the levels 
of S411-phospho-p70S6K and S2-phospho-Pol II within 
2 hours of inhibitor treatment (Supplementary Figure 12 
A-B). Besides, THZ1 showed less effects on these epitopes. 
This agrees with our data from the knockdown studies, 
where we observed a drastic decrease in S411-phospho-
p70S6K in siCDK9 KD cells compared to that in siCDK7 
(Figure 1H). T421/S424 phospho-p70S6K showed a time-
dependent reduction with THZ1 in GSC576 but the reduc-
tion was visible only after 24 hours treatment with CDK9 
inhibitors (Supplementary Figure 12 A). Moreover, total 
protein levels of p70S6K and Pol II were not affected at 
the earlier time points but were decreased at 24 hours. 
Additionally, treatment with SNS032 and AZD4573 led to 
a time-dependent decrease in the levels of Mcl1 and an 
increase in PARP cleavage (Supplementary Figure 12 A-B, 
rows 5 and 6 from the top), as in GBM42 cells. Lastly, THZ1 
did not affect Mcl1 expression markedly, indicating the 
specificity of the CDK9 inhibitors towards Mcl1.

AZD4573 and SNS032 Suppressed the Growth of 
GSC576 Subcutaneous Tumor Xenografts

To test if the CDK9 inhibitors can suppress growth of GSC-
derived tumor xenografts in vivo, we implanted GSC576 
cells into the flanks of athymic nude mice. The tumor xeno-
grafts were allowed to reach ~100 mm3 before adminis-
tering SNS032 or AZD via i.p. at 15 mg/kg. Both SNS032 
and AZD significantly reduced the growth of GSC576 
tumor xenografts in vivo (Figure 6F-H). Although AZD 
showed higher inhibitory effects in vitro at much lower 
concentrations, our in vivo data were comparable between 
the SNS032 and AZD treatments.

SNS032 Inhibits Tumor Growth in an Orthotopic 
GBM Xenograft Model:

To assess the efficacy of SNS032 on GBM orthotopic 
growth in the brains of animals, we conducted an exper-
iment on SCID mice using U251-luc cells. SNS032 was 
delivered intratumorally as a continuous infusion for 4 
weeks using an Alzet osmotic pump. The inhibitor was 
well tolerated, and the mice did not show any weight loss 
over the course of the study. In vivo, imaging showed a 
marked reduction in the growth of orthotopic tumor xeno-
grafts in the mice receiving SNS032 compared to the ve-
hicle group (Figure 6I-K). A Kaplan–Meier analysis showed 
that SNS032 treatment markedly extended the life span of 
the tumor-bearing mice compared to the vehicle-treated 
animals (Figure 6L). Taken together, our preclinical studies 
from the orthotopic and subcutaneous xenograft models 
suggest that targeting CDK9 would be a potential thera-
peutic strategy to treat GBM with tolerable toxicity.

Discussion

Attempts to effectively treat GBM have been hampered by 
several challenges, including high tumor heterogeneity, in-
trinsic resistance to therapies, inevitable tumor recurrence 
as well as neurotoxicity of the agents. The results reported 
here suggest that targeting CDK7 and/or CDK9 would ef-
fectively suppress the growth of TMZ-responsive and -re-
sistant GBM with low neurotoxicity.

CDK7 and CDK9 play important roles in gene expression 
through phosphorylation and regulation of Pol II.40,41 We find 
that in addition to inhibiting transcription, CDK7, and CDK9 
inhibitors block p70S6K, a kinase known for its role in protein 
translation and poor prognosis in cancer patients.42,43 The 
simultaneous inhibition of Pol II and p70S6K by the CDK7/9 
inhibitors highlight the ability of these agents to target mul-
tiple signaling cascades to suppress tumor growth.

This study also reveals a potential mechanism that ren-
ders GBM cells resistant to p70S6K inhibitors. Targeting of 
mTOR and p70S6K signaling in cancers, including GBM, 
have met with limited success; our results suggest that the 
lack of efficacy might be caused by the compensatory acti-
vation of ERK and Akt pathways. In this context, our finding 
that CDK7 and CDK9 inhibitors induce cytotoxicity, irre-
spective of the higher levels of phospho-Akt and phospho-
ERK in M2698 treated GBM cells, is encouraging and is of 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad143#supplementary-data
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Figure 6.  CDK9 inhibitors suppress the expression of Mcl1 in GBM cells and abrogate the tumor growth in xenograft models: (A-B) WB for a 
reduction in P-p70S6K, P-Pol II, Mcl1, Sox9 and an increase in PARP cleavage in GBM42WT and GBM42R cells treated with 50 nM AZD4573 for 
indicated times. Total p70S6K, total Pol II and actin are loading controls. C–E: Ratio of S411 P-p70S6K (C), T421/S424 P-p70S6K (D) or P- Pol II (E) 
to, total p70S6K or total Pol II, respectively. (F–L) CDK9 inhibition suppresses tumor growth in GBM xenograft models. F: SNS032 and AZD4573 
treatment inhibited growth of GSC576 subcutaneous xenografted tumors. (G, H) The excised tumors and average tumor weight from each mouse. 
(I-K) Bioluminescence images from SCID mice orthotopically implanted with U251-luc cells treated with vehicle (I) or SNS032 (10 mg/kg) (J) using 
Living Image software; SNS032 treatment reduced tumor growth as assessed by bioluminescent imaging (K). L: Kaplan–Meier analysis for sur-
vival of brain tumor-bearing mice treated with vehicle or SNS032.
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clinical relevance. Furthermore, the cytotoxicity of CDK7 
and CDK9 inhibitors were not hampered by ERK or Akt ac-
tivation, indicating their ability to override these survival 
pathways. One such pro-apoptotic mechanism could be 
the suppression of the anti-apoptotic Mcl1 and the activa-
tion of PARP cleavage by CDK9 inhibitors.

The ability of the CDK7/9 inhibitors to sensitize TMZ-
resistant GBM cells is another significant result in this study. 
The fact that GSCs and the patient-derived, TMZ-responsive 
and -resistant, GBM cells displayed high sensitivity to the 
CDK9 inhibitors signifies the potential applicability of these 
agents to combat treatment refractory GBM. The finding 
that the CDK9 inhibitors enhance tumor suppressive path-
ways while simultaneously suppressing oncogenic genes 
demonstrates a unique mechanism by which these agents 
induce growth suppression. In this regard, the knowledge 
that CDK9 inhibition re-activates epigenetically silenced 
tumor suppressor genes to bring about anti-tumor activity 
is notable.44 CDK9 inhibitors enhanced the expression of 
growth suppressive ARC, EGR1, GADD45A, GADD45B, and 
suppressed the expression of proliferative genes such as 
EGFR, cyclins, and CDKs (data not shown); it is not clear 
whether epigenetic mechanisms play a role in regulation 
of their differential expression. EGR1 can enhance or sup-
press tumor growth in a context-specific manner; we find 
that increased EGR1 expression correlates with decreased 
survival implying its role as a tumor suppressor in GBM 
cells and GSCs. Both EGR1 and its target ARC, another im-
mediate early gene, are implicated in brain development 
and neuronal plasticity through various mechanisms, in-
cluding modulation of brain methylome.45–48 Induction of 
EGR1 and ARC might be one mechanism contributing to the 
neuroprotection conferred by CDK9 inhibitors. Similarly, 
GADD45, which is induced upon CDK9 inhibition, could 
also be contributing to the neuronal function as it has been 
shown to play a role in epigenetic gene regulation and neu-
ronal plasticity.49,50 The absence of severe neurotoxicity, 
combined with the remarkable growth suppressive proper-
ties on GBM cells, strongly indicate that CDK7 and CDK9 
are attractive therapeutic targets in GBM and the inhibitors 
of these kinases might have the potential for reduced cog-
nitive impairment in the patients.

In essence, targeting multiple pathways simultaneously 
might be beneficial in combating GBM since this approach 
will probably decrease the activation of compensatory 
pathways. CDK7 and CDK9 inhibitors seem to fall into this 
category. Furthermore, as these inhibitors have shown ef-
ficacy in treating hematological malignancies, adapting 
them to treat GBM would be easier. A limitation of these 
compounds is that they have low permeability across the 
blood-brain barrier (based on an MDCK-MDR1 analysis) 
and therefore optimization of these inhibitors for improved 
brain penetration, or reformulation for direct brain de-
livery, is warranted for clinical application.

Conclusion

Our results suggest that targeting CDK7 or CDK9 is a viable 
strategy to suppress the growth and self-renewal of GBM, 
with low risk of neurotoxicity. It is plausible that these 

inhibitors could be effective against GBM as single agents 
or in combination with current standard of care.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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