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Abstract

Medulloblastoma accounts for 20 % of all primary pediatric intracranial tumors. Current treatment 

cures 50–80 % of patients but is associated with significant long-term morbidity and thus new 

therapeutic targets are needed. One such target is cyclin-dependent kinase 6 (CDK6), a serine/

threonine kinase that plays a vital role in cell cycle progression and differentiation. CDK6 is 

overexpressed in medulloblastoma patients and is associated with an adverse prognosis. To 

investigate the role of CDK6 in medulloblastoma, we assayed the effect of CDK6 inhibition on 

proliferation by depleting expression with RNA interference (RNAi) or by inhibiting kinase 

function with a small molecule inhibitor, PD0332991. Cell proliferation was assessed by colony 

focus assay or by the xCELLigence system. We then investigated the impact of CDK6 inhibition 

on differentiation of murine neural stem cells by immunofluorescence of relevant markers. Finally 

we evaluated the effects of PD0332991 treatment on medulloblastoma cell cycle and 

radiosensitivity using colony focus assays. Gene expression analysis revealed that CDK6 mRNA 

expression is higher than normal cerebellum in fifteen out of sixteen medulloblastoma patient 

samples. Inhibition of CDK6 by RNAi significantly decreased medulloblastoma cell proliferation 

and colony forming potential. Interestingly, CDK6 inhibition by RNAi increased differentiation in 

murine neural stem cells. PD0332991 treatment significantly decreased medulloblastoma cell 

proliferation and led to a G0/G1 cell cycle arrest. Furthermore, PD0332991 pretreatment 

sensitized medulloblastoma cells to ionizing radiation. Our findings suggest that targeting CDK6 

with small molecule inhibitors may prove beneficial in the treatment of medulloblastoma, 

especially when combined with radiation.
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Introduction

Medulloblastoma is the most common primary pediatric brain tumor, accounting for 20 % of 

all primary pediatric intracranial tumors [1]. Current treatment provides a cure in 50–80 % 

of patients but is associated with significant long-term morbidity [2, 3]. Currently, patients 

with medulloblastoma are stratified into “standard” and “high” risk categories for treatment 

purposes based on features such as age at diagnosis, presence of metastasis, degree of 

surgical resection, and histology [4]. However, recent genome wide analyses have allowed 

for subdivision of medulloblastoma into those with Wnt pathway mutations, Sonic 

Hedgehog pathway mutations, and those termed Group 3 and Group 4, which include 

intermediate to high risk tumors but whose biology is less well understood [5]. Research 

within these subgroups has resulted in the development of novel therapeutic strategies [6, 7].

Of the subgroups, Group 4 tumors account for 35 % of childhood medulloblastoma 

diagnoses and carry an intermediate prognosis [8]. One feature of Group 4 tumors is 

amplification of cyclin-dependent kinase 6 (CDK6) [5]. CDK6 is a serine/threonine kinase 

that plays a vital role in cell cycle progression. CDK6 partners with cyclin D to 

phosphorylate the retinoblastoma (Rb) protein during the G1/S cell cycle transition [9]. 

CDK6 also plays a role in differentiation. Forced CDK6 expression in mouse astrocytes will 
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alter morphology and expression markers to those of glial progenitor cells and will block 

differentiation of a mouse erythroid leukemia line [10, 11].

Deregulation of CDK6 is seen in a wide set of tumors, including sarcomas and glioblastoma 

multiforme (GBM) [12]. CDK6 amplification has been previously described in 

medulloblastoma patients and is associated with an adverse prognosis [13]. CDK6 is also a 

target of multiple microRNAs including miR-129 and miR-124 and re-expression of these 

miRNAs results in a decrease in CDK6 expression and subsequent decrease in cell 

proliferation [14, 15].

Given the functional importance of CDK6 and known over-expression in medulloblastoma, 

we hypothesized that direct inhibition of CDK6 would suppress medulloblastoma cell 

proliferation. In this study we evaluated the effect of CDK6 inhibition by RNA interference 

(RNAi) and by inhibiting kinase function with a small molecule inhibitor, PD0332991. 

PD0332991 is an orally available small molecule inhibitor that targets the kinase activity of 

CDK4 and CDK6 [9]. PD0332291 has shown promising results in Phase I/II studies in adult 

malignancies [[16, 17], NCT01227434].

We show here that CDK6 is significantly overexpressed in medulloblastoma and inhibition 

by RNAi and PD0332991 suppresses cell proliferation. In addition, we found treatment with 

PD0332991 significantly enhances medulloblastoma radiation sensitivity.

Methods

Cell lines and primary patient samples

The Daoy medulloblastoma cell line was purchased from American Type Cell Culture 

(Rockville, MD). The ONS-76 cells was provided by Dr. James T. Rutka (University of 

Toronto, Canada) and D425 and D458 by Dr. Darell D. Bigner (Duke University Medical 

Center, NC). Cell lines were cultured in DMEM (Gibco, Carlsbad, CA) supplemented with 

10 % fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA). Daoy and ONS-76 cells 

are well characterized and thus were selected for use in experiments [18].

Primary patient samples were obtained from Children’s Hospital Colorado in accordance 

with local and federal human research protection guidelines and Institutional Review Board 

(IRB) regulations. Informed consent was obtained for collected specimens. Normal brain 

tissue was collected from autopsy and purchased from Ambion (Austin, TX) and Clontech 

Laboratories, Inc (Mountain View, CA). Normal cerebellar samples in Fig. 1 were obtained 

from nonmalignant brain biopsies at the Children’s Hospital Colorado under IRB guidelines. 

Normal cerebellar samples UPN 514 and UPN 605 are from 4- and 5-year old patients, 

respectively.

Gene expression microarray analysis

Sixteen patient tumor samples were evaluated for gene expression using Affymetrix U133 

Plus 2.0 GeneChip microarrays as previously described [19]. Briefly, samples were 

collected at the time of surgery and snap-frozen in liquid nitrogen. Ribonucleic acid was 

extracted from each sample using an RNeasy kit (Qiagen, Valencia, CA) and hybridized to 
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HG-U133 Plus 2.0 GeneChips (Affymetrix, Santa Clara, CA). Microarray data from the 

samples was background corrected using the gcRMA algorithm. Differential expression of 

genes was determined using Student’s t test.

Transfection of RNAi vectors

A CDK6 shRNA (shCDK6) and a non-targeting shRNA (shNTC) were purchased from 

Functional Genomics Facility at University of Colorado, Boulder and transfected into 

medulloblastoma cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The shCDK6 

was used in experiments given the significant decrease in CDK6 mRNA (Supplementary 

Fig. 1). The ratio used for the forward transfection in a 6-well plate was 1 μg of shRNA 

DNA:2 μL of Lipofectamine 2000 Transfection Reagent.

Quantitative real-time polymerase chain reaction

Ribonucleic acid was isolated 48 h after transfection using a Qiagen RNeasy kit (Valencia, 

CA). TaqMan gene expression primers and probes for CDK6 (Hs01026371_m1) and 

GAPDH (Hs99999905_m1) were purchased from Applied Biosystems (Carlsbad, CA). 

Assays were performed in triplicate. GAPDH served as endogenous control and gene 

expression relative quantity was calculated using the delta Ct method. Gene expression 

assays were performed on ABI StepOnePlus Real-Time PCR system.

Small molecule inhibitor PD0332991

The small molecule inhibitor PD0332991 was purchased from Axon MedChem (Gronigen, 

The Netherlands), reconstituted in water and aliquots stored at –20 °C.

Cell proliferation assay

Cell proliferation was measured using the xCELLigence system and E-Plate 96 well gold-

coated plates (Roche). This system gives real time measurement of cell proliferation [20]. 

Cell growth is measured by evaluating electrical impedance and converted to Cell Index 

which is a measure of the number of cells in a given well. Cells were initially transfected 

with shNTC or shCDK6. After 48 h, cells were then trypsinized and plated 2,000 cells/well 

on to an E-plate for use in the system.

Colony focus assay

Cells were initially transfected with shCDK6 or shNTC. After 48 h, cells were trypsinized 

and replated in triplicates of 500 cells/well in a 6-well plate. For drug treatment, 500 cells 

were plated in triplicate 24 h before addition of PD0332991. Wells were treated for 48 h and 

then allowed to grow in normal culture medium. After seven days of growth, medium was 

aspirated and colonies were stained with 0.5 % crystal violet, 25 % methanol solution. 

Colonies per well were counted using a dissecting microscope with a threshold of 50 cells 

necessary to constitute a colony.

Differentiation assay

C17.2 murine neural stem cells were kindly provided by Dr. E.Y. Snyder (Burnham 

Institute, La Jolla, CA) and cells were established in DMEM medium supplemented with 10 
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% FBS, 5 % Equine horse serum, L-Glutamine and Pen/Strep. C17.2 cells were transfected 

with either shNTC or shCDK6. After 48 h of transfection, cells were trypsinized and seeded 

(3000 cells/well) on poly-D Lysine coated chamber slides. To evaluate the effect of CDK6 

inhibition on differentiation, C17.2 cells were grown in differentiation medium (DM) [21]. 

After 5 days in DM, cells were processed for immunofluorescence. Briefly, cells were fixed 

with 4 % paraformaldehyde and permeabilized with 0.05 % Triton X100. Cells were then 

blocked at room temperature with blocking buffer (0.05 % Triton X100 containing 5 % 

Milk) for 30 min. Slides were incubated with anti-IgG as control and anti-Tuj1 (1:200 to 

label immature neurons), (Cell Signaling Technologies) overnight at 4 °C. Antibodies were 

diluted with 0.05 % Triton X. Slides were washed with PBS and incubated with Alexafluor 

488 conjugated goat anti-mouse (1:500) (Molecular Probes) antibody for 1 h at RT. Slides 

were washed thrice with PBS and coated with anti-fading reagent containing DAPI. 

Coverslips were mounted and the cells were visualized using confocal microscopy with 40× 

oil objective. Confocal images were taken using 3I Marianas inverted spinning disk imaging 

system built on a Zeiss Axio Observer Z1 microscope equipped with Yokogawa CSU-X1 

and Photometrics Evolve 16-bit EM-CCD camera. The images were viewed and quantified 

using 3I Slidebook 5.0 software.

Cell cycle assay

Cells were seeded in 6 well plates (1×105 cells/well) and 24 h later were treated with 

PD0332991. After 48 h of drug treatment, cells were harvested and fixed with 70 % ethanol 

overnight. Collected cells were treated with 250 μl cell cycle reagent (Millipore) and 

evaluated by flow cytometric analysis per the manufacturer’s recommendations.

Western blotting

Protein lysates were obtained from samples using RIPA buffer (Thermo Scientific, 

Rockford, IL) with protease inhibitors added. Western blotting was performed per standard 

methods. Antibodies for CDK6 (#3136) and Actin (MAB1501) were purchased from Cell 

Signaling Technology (Danvers, MA) and Millipore, respectively. Antibodies for RB and 

pRB were purchased from Cell Signaling Technology (Danvers, MA). Secondary antibodies 

conjugated to horseradish-peroxidase were used in conjunction with a chemiluminescent 

reagent to visualize protein bands.

Combination of PD0332991 and ionizing radiation

Six well plates were set up as previously described. After 48 h of drug treatment, media was 

replaced and the cells were immediately irradiated. After seven days of additional growth, 

wells were stained with crystal violet solution and colonies were counted. Survival curves 

were generated after normalizing for the amount of PD0332991 induced death. Non-linear 

regressions were calculated for each line. The radiation dose intersecting the non-linear 

regression for a 10 % (SF0.1) and 50 % (SF0.5) surviving fraction was calculated for each 

drug dose. The sensitizer enhancement ratio (SER) was then calculated as follows:
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Calculation of SER allows for direct comparison of the effect of the potential sensitizing 

agent relative to control. SER ratio >1 indicates sensitization.

Statistical analysis

Statistical significance was determined using a Student’s t test. Error bars represent the 

standard error of the mean (n ≥ 3). GraphPad Prism 5 was used to calculate IC50 values and 

to compute the non-linear regression equations.

Results

CDK6 is overexpressed in medulloblastoma

To verify previously published data, we first examined the expression of CDK6 in a cohort 

of sixteen medulloblastoma patients. We found that CDK6 mRNA expression was higher 

than normal cerebellum in fifteen of sixteen samples (Fig. 1a). We then examined whether 

CDK6 mRNA expression was sub-group specific. We analyzed publically available data as 

published by Northcott et al. [22]. We found CDK6 mRNA expression is highest in the Wnt 

subgroup (Supplementary Fig. 2). We next evaluated CDK6 mRNA expression in a panel 

medulloblastoma cell lines. Consistent with our patient tissue data, all medulloblastoma cell 

lines, except for D458, were significantly higher than pediatric normal cerebellum (UPN 

514 and UPN 605) (Fig. 1b). CDK6 protein expression is also increased in the 

medulloblastoma lines as compared to normal pediatric and adult cerebellum (Fig. 1c).

Inhibition of CDK6 suppresses medulloblastoma cell proliferation and colony forming 
ability

Next we examined the functional significance of CDK6 expression in medulloblastoma cell 

lines. We decreased expression of CDK6 mRNA by shRNA in Daoy and ONS-76 cells to 

evaluate the impact on cell proliferation. Using the xCELLigence system, we found a 

significant decrease in cell proliferation over time upon RNAi mediated inhibition of CDK6 

as compared to control vector transfected cells (Fig. 2a). To evaluate the long-term effect of 

CDK6 inhibition, we then performed colony focus assays on transfected cells. Again, 

inhibition of CDK6 significantly decreased cell proliferation as measured by their ability to 

form colonies (Fig. 2b, c). CDK6 knockdown was verified by qRT-PCR (Supplementary 

Fig. 1) and by western blot analysis (Fig. 2d).

CDK6 inhibition induces differentiation in C17.2 murine neural stem cells

In searching for the etiology of decreased medulloblastoma cell proliferation, we found that 

Daoy and ONS-76 cells do not undergo increased apoptosis or cell cycle arrest with CDK6 

inhibition (data not shown). We then examined the role of CDK6 in differentiation as a 

possible mechanism. We chose to use C17.2 murine neural stem cells because they are well 

characterized and can be induced to differentiate in vitro [21]. C17.2 cells were transfected 

with either shNTC or shCDK6. After 5 days of growth in differentiation media, cells were 

stained using antibodies to IgG as control and Tuj1 the marker of immaturity in neurons. 

Cells transfected with shCDK6 had expressed Tuj1 in 62 % of cells (DAPI positive) 

compared to 27 % of cells transfected with shNTC, illustrating that with CDK6 inhibition, 

differentiation was increased (Fig. 3a, b).
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Small molecule inhibitor PD0332991 decreases medulloblastoma cell proliferation by 
inducing cell cycle arrest with time dependent decrease in phosphorylated Rb

Early evidence of aberrant increased expression of CDKs in cancers led to the development 

small molecule CDK inhibitors as therapeutics [23]. One such inhibitor, PD0332991, is of 

the pyridopyrimidine class that potently inhibits the kinase activity of CDK4 and CDK6 

[24]. Daoy and ONS-76 cells were treated with varying concentrations of PD0332991 for 48 

h, after which the media was replaced with normal growth media. After seven days, effect 

on long-term growth was evaluated by colony focus assay. Treatment with PD0332991 

inhibited the ability of medulloblastoma cells to form colonies with an IC50 of 1.5 μM for 

Daoy and 790 nM for ONS-76 cells (Fig. 4a, b).

Treatment with PD0332991 resulted in G0/G1 arrest as compared to untreated cells (Fig. 

4c). It is important to note that PD0332991 inhibits both CDK6 and CDK4 and likely 

inhibition of both is required to inhibit medulloblastoma cell growth and induce the G1 

arrest. Western blot analysis shows a corresponding time dependent decrease in the amount 

of phosphorylated Rb, indicating an inhibition of the Cyclin D-CDK6-Rb pathway (Fig. 4d). 

Interestingly while phosphorylated Rb decreased in response to PD0332991, CDK6 protein 

increased, perhaps as a feedback mechanism in response to decreased activity.

PD0332991 enhances radiation sensitivity of medulloblastoma cells

To evaluate for potential radiosensitivity, Daoy and ONS-76 were pretreated with 

PD0332991. After 48 h, they were exposed to different doses of radiation and effects 

measured using the colony focus assay. The results show that the surviving fractions (SF) 

were reduced in Daoy and ONS-76 cells treated with PD0332991 (Fig. 5a). Surviving 

fractions of PD0332991-pretreated cells after 2 Gray (Gy) irradiation were significantly 

lower than those of untreated cells (Fig. 5b). Non-linear regressions were fit to the curves to 

calculate the sensitizer enhancement ratio (SER) (Supplementary Fig. 3). The SERs were 1.6 

for Daoy at 10 % cell survival (SF0.1) and 1.5 at 50 % cell survival (SF0.5) with 750 nM 

PD0332991 pretreatment. For ONS-76 cells pretreated with 750 nM PD0332991, the SERs 

were 2.3 for both SF0.1 and SF0.5. Thus, with SER ratios greater than 1, the radiation 

survival curves obtained by the colony focus assay show that treatment with PD0332991 

sensitized human medulloblastoma cells to ionizing radiation.

Discussion

Current medulloblastoma therapy using a combination of surgery, chemotherapy, and 

radiation has improved overall survival; however this comes at a cost with the potential for 

significant long-term cognitive and endocrine dysfunction [4]. As with other tumors, this 

treatment strategy likely results in the overtreatment of some low risk patients and the need 

for intensification and novel therapeutics in high-risk patients. Recent genomic studies are 

beginning to illustrate a more subdivided molecular makeup of medulloblastoma and this 

information will be important to identify novel therapeutic strategies [8].

Alterations of the cell cycle kinases are associated with aberrant division and uncontrolled 

proliferation of cancer cells [23]. The expression of one such kinase, CDK6, is increased in 
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many malignancies. CDK6 partners with cyclin D to play an important role in cell cycle 

progression at the G1-S-phase boundary [9]. The G1-S checkpoint is a critical control 

mechanism in medulloblastoma. Additionally CDK6 plays an important role in 

differentiation and regulation of neurogenesis [25].

In this study we demonstrated that CDK6 mRNA expression is higher in our patient cohort 

than normal cerebellum controls. Our cohort of patients does not have enough numbers to 

power comparisons within molecular subgroup. However, our findings are in line with other 

published data showing that CDK6 is amplified in medulloblastoma [13]. Decreasing the 

expression of CDK6 mRNA by RNAi resulted in significant long-term growth suppression 

and a reduction in the ability to form colonies by inducing differentiation thereby 

establishing CDK6 as a potential therapeutic target. Inhibition of CDK6 by PD0332991 

significantly reduced proliferation over time with IC50 values in therapeutically achievable 

doses. Treatment with PD0332991 causes G0/G1 cell cycle arrest secondary to decreased 

phosphorylated Rb protein.

PD0332991 competitively targets both CDK4-Cyclin D1 as well as CDK6-cyclin D3 in the 

nanomolar range [23]. Several adult Phase I and Phase II trials show that PD0332991 is well 

tolerated with dose limiting toxicity being myelosuppression [17]. PD0332991 also has been 

shown to effectively cross the blood–brain barrier [26]. More recent studies suggest 

PD0332991 can act in concert with other therapeutics. For example, PD0332991 can 

enhance the anti-tumor effects of bortezomib [27]. However there are no current clinical 

trials with PD0332991 in pediatric patients. Our data show that PD0332991 can inhibit 

medulloblastoma cell growth, likely by inhibiting both CDK4 and CDK6.

Here we show that pretreatment with biologically achievable doses of PD0332991 

significantly decreased the surviving fraction of tumors cells in response to radiation and 

increased the sensitizer enhancement ratio. These results indicate that PD0332991 can 

effectively enhance medulloblastoma cell radiosensitivity in vitro, which is in accordance 

with previous studies showing radiosensitivity in GBM cells treated with PD0332991 [26]. 

These data are important because radiation is an integral part of medulloblastoma therapy 

even though the side effects can be deleterious to long term quality of life. Thus any agents 

that can decrease the dose of radiation required would be of significant benefit.

In total our data strongly suggest that CDK6 is a viable molecular target in medulloblastoma 

therapy and the use of CDK6 inhibitors in combination with radiation therapy represents a 

novel therapeutic strategy for patients with medulloblastoma. These data provide the 

rationale for examining the efficacy of PD0332991 in patients with medulloblastoma and in 

particular evaluating its combination with radiation and other targeted therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a CDK6 mRNA levels by microarray show increased expression in 15/16 primary 

medulloblastoma (Med) patient samples as compared to three normal cerebellum samples 

(Normal CB). Error bars represent standard error of mean (SEM). b Using qRT-PCR, CDK6 

mRNA expression in medulloblastoma cell lines is significantly higher than normal adult 

cerebellum (Clontech) and pediatric cerebellum (UPN 514 and UPN 605). Error bars 

represent (SEM). (*P <0.05, **P <0.01,***P <0.001). c Western blot of CDK6 protein 

expression in normal cerebellum and medulloblastoma cell lines
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Fig. 2. 
a Using the xCELLigence system for assessing cell proliferation, inhibition of CDK6 by 

shRNA decreases cell proliferation in Daoy and ONS-76 medulloblastoma cell lines. b 
Representative pictures of wells for each cell line for colony focus assay. c CDK6 inhibition 

by shRNA decreases long-term growth as seen with colony focus assay. Error bars represent 

SEM. (**P <0.01) d Western blot showing a decrease in CDK6 protein after transfection 

with shRNA
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Fig. 3. 
a Inhibition of CDK6 by shRNA leads to increased differentiation of murine neural stem 

cells (C17.2) as seen by increased expression of Tuj1, a marker of immature neurons. 

Images captured at 40× magnification. b Quantitation of immunofluorescent images for the 

percentage of DAPI positive cells that were also Tuj1 positive. Error bars represent SEM. 

(*P <0.05)
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Fig. 4. 
a Decrease in long-term growth in Daoy and ONS-76 cells as measured by colony focus 

assay after 48 h of treatment with varying concentrations of PD0332991. b Representative 

pictures of no treatment, 0.75 μM PD0332991 and 6 μM PD0332991 wells for each cell line. 

c Treatment with PD0332991 results in G0/G1 cell cycle arrest. d Western blot showing a 

time dependent decrease in the amount of phosphorylated Rb protein
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Fig. 5. 
a Line graph plotting the surviving fraction of Daoy and ONS-76 cells given different doses 

of radiation following 48 h of treatment with PD0332991. b Bar graph showing the 

surviving fraction following irradiation with a dose of 2 Gray (Gy). Error bars represent 

SEM. (**P <0.01, ***P <0.001)
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