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Introduction

During brain development and maturation, and in anticipation 
of populating the cerebral cortex with granular neurons, a burst 
of postnatal granular neuronal precursor cell proliferation occurs 
in the external granular layer of the brain. Following this period 
of rapid precursor cell expansion, an orderly exit from the cell 
cycle and coordinated migration and differentiation is required 
to direct the proper formation of the granular layer of the cer-
ebellum, and a failure of normal differentiation and migration 
of the granular precursor cells is believed to be the cellular basis 
for a majority of medulloblastomas (MB) (reviewed in ref. 1). 
While locally advanced MB can have profound effects per se, one 
of the underlying clinical challenges related to MB treatment is 
its proclivity to spread throughout the neuraxis. Therefore, cra-
niospinal radiotherapy is a standard of care delivered to children 
immediately after surgical resection of the tumor, followed by 
a 12 mo regimen of intensive multi-agent chemotherapy. While 
effective, this course of treatment has serious consequences. 

Medulloblastoma is the most prevalent of childhood brain malignancies, constituting 25% of childhood brain tumors. 
Craniospinal radiotherapy is a standard of care, followed by a 12 mo regimen of multi-agent chemotherapy. For children 
less than 3 y of age, irradiation is avoided due to its destructive effects on the developing nervous system. Long-term 
prognosis is worst for these youngest children and more effective treatment strategies with a better therapeutic index 
are needed. VMY-1-103, a novel dansylated analog of purvalanol B, was previously shown to inhibit cell cycle progression 
and proliferation in prostate and breast cancer cells more effectively than purvalanol B. In the current study, we have 
identified new mechanisms of action by which VMY-1-103 affected cellular proliferation in medulloblastoma cells. VMY-1-
103, but not purvalanol B, significantly decreased the proportion of cells in S phase and increased the proportion of cells 
in G2/M. VMY-1-103 increased the sub G1 fraction of apoptotic cells, induced PARP and caspase-3 cleavage and increased 
the levels of the Death Receptors DR4 and DR5, Bax and Bad while decreasing the number of viable cells, all supporting 
apoptosis as a mechanism of cell death. p21CIP1/WAF1 levels were greatly suppressed. Importantly, we found that while both 
VMY and flavopiridol inhibited intracellular CDK1 catalytic activity, VMY-1-103 was unique in its ability to severely disrupt 
the mitotic spindle apparatus, significantly delaying metaphase and disrupting mitosis. Our data suggest that VMY-1-103 
possesses unique antiproliferative capabilities and that this compound may form the basis of a new candidate drug to 
treat medulloblastoma.
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For example, a majority of survivors are left with auditory and 
growth deficits, and recent studies have demonstrated that irra-
diation significantly lowers cognitive development and function 
in 9 of the 12 intelligence subtest categories studied (reviewed in 
ref. 2). Irradiation is therefore avoided in children less than three 
years old due to its destructive effects on the developing nervous 
system. Long-term prognosis for these children is considerably 
worse and significant effort is underway to develop more effective 
MB treatment strategies.3

The etiology of MB is complex, and the heterogeneity of the 
tumors that arise is partially understood via identified alterations 
in genes and signaling pathways that either direct cell expansion 
or inhibit proliferation. Clinically, MBs have been assigned to five 
pathologically defined subtypes, and molecular profiling has fur-
ther subclassified the tumors based on gene expression patterns 
and chromosomal abnormalities.4-6 Dysregulation of Hedgehog 
(Hh) signaling, defined as the c3 MB subgroup,6 is the most fre-
quent developmental signaling pathway alteration in MBs, being 
found at the highest frequency in both children under 3 y of age 
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utilized to assess the effect of VMY on MB cell cycle progres-
sion. DAOY cells were treated for 18 h with purvalanol B (PVB) 
or VMY at varying concentrations, or LY294002 at 20 uM as a 
control for cell cycle arrest (Fig. 1A). Treatment with LY294002 
resulted in an increase in the number of cells in G

1
 and a concom-

itant decrease in the number of cells in S-phase. PVB had no sig-
nificant effect (Fig. 1A). Conversely, VMY significantly affected 
a G

2
/M arrest beginning at 1 uM, which increased as the dose was 

escalated. Similar results were seen using the CDK inhibitor, fla-
vopiridol (not shown). VMY treatment also increased the subG

1
 

population of cells, consistent with DNA fragmentation and 
apoptotic cell death following treated with VMY. Treatment of 
DAOY cells with either LY294002 or PVB failed to significantly 
alter the sub-G

1
 population of cells (Fig. 1A). Similar results were 

seen in D556 cells, with VMY inducing a significant G
2
/M arrest 

beginning at 0.5 uM and an increased subG
1
 fraction beginning 

at 5.0 uM (Fig. 1B). Both VMY and the CDK inhibitor flavo-
piridol, but neither PVB nor the dansyl group alone, significantly 
induced cell death in DAOY cells at 18 h as measured by trypan 
blue dye exclusion (Fig. 2A). Furthermore, VMY had no effect 
on cell cycle progression or apoptosis in NIH3T3 cells (Fig. S1A),  
similar to our previous results in non-transformed prostate and 
breast cancer cell lines.13,14 The ED

50
’s (effective doses neces-

sary to achieve 50% cell death) for VMY and flavopiridol were 
approximately 76 and 30.5 uM, respectively (Fig. S1B and C)

VMY induces apoptosis via increased levels of pro-apoptotic 
proteins and caspase activity. Using antibody proteome arrays 
we previously reported that VMY induced apoptosis in LNCaP 
prostate cancer cells in part through an induction of p53 and 
the intrinsic apoptotic pathway.13 To investigate the mechanisms 
by which VMY regulated apoptosis in DAOY cells, similar 
experiments were performed. VMY significantly increased the 
protein levels of the death receptors DR4 and DR5, which are 
required for TRAIL-dependent induction of apoptosis in can-
cer cells. Levels of the Fas ligand TNFSF6 and cleaved caspase-3 
(c-casp-3), the active form generated by proteolytic maturation, 
were also increased (Fig. 2B). The phosphorylation status of p53 
serine residues 15, 46 and 392, which were induced by VMY 
in LNCaP cells,13 were unaffected in DAOY cells (not shown). 
Levels of the proapoptotic proteins BAD and BAX were induced 
while levels of the antiapoptotic regulatory protein cIAP/Birc2 
were modestly reduced (Fig. 2B).

Protein gel blots were run to assess the effect of VMY on levels 
of the CDK inhibitory protein p21CIP1/WAF1, of cyclins E and B1 as 
well as PARP status (Fig. 2C). VMY, but not PVB, significantly 
increased the levels of cleaved PARP while levels of the G

1
/S pro-

tein, cyclin E, were not changed. Surprisingly, while p21CIP1 lev-
els which were induced by VMY in LNCaP cells13 and by low 
concentrations of VMY in DAOY cells (Fig. 2C), decreased by 
82% (±3, n = 3) and 90% (±7, n = 3) with 10 and 30 μm VMY, 
respectively (Fig. 2C). Treatment with flavopiridol also signifi-
cantly decreased p21CIP1/WAF1 (Fig. S1D). The levels of cyclin B 
were marginally reduced by VMY at 10 and 30 uM (Fig. 2C).

VMY inhibits CDK1 activity in DAOY cells. Our recent 
data using purified cyclin/CDK complexes established that 
VMY was a potent inhibitor of the cyclinB/CDK1 complex.14 

and in all MB patients over the age of 25.6 Hh-associated MB 
tumors contain changes in the abundance of multiple proteins 
involved in cell cycle regulation, including Gli, cyclins D1 and 
D2 as well as N-Myc.7 Similarly, a Myc activation signature is a 
defining characteristic of the c1 subgroup, and this group shows 
the worst overall survival, followed by the c3/Hh subgroup. The 
human MB cell lines, DAOY and D556 resemble the c3 and c1 
subgroup, respectively, as maintenance of activated Smo signal-
ing8 and Gli transactivation9 is required for DAOY cell prolifera-
tion, while D556 cells have amplified Myc.10

Regardless of the underlying cause, the tumors that form are 
highly proliferative, and more effective clinical treatments will 
require developing therapies that target critical components of 
the cell proliferation machinery.

The cyclins are regulatory proteins that modulate the activ-
ity of the cyclin-dependent kinases (Cdks), thereby directing the 
orderly progression of eukaryotic cells through the cell cycle.11 
Because of the prominent loss of normal cell cycle control and 
due to the extensive proliferation that is associated with MB, we 
anticipate that the ability to treat MB may be enhanced through 
identifying small molecule inhibitors that target critical compo-
nents of the cell cycle regulatory machinery.9 The 2,6,9-trisub-
stituted purine group of cyclin dependent kinase inhibitors act 
by competing with ATP in targeted CDK’s.12 We have recently 
developed a novel purvalanol B (PVB)-based small molecule 
inhibitor termed VMY-1-103 (VMY). This compound was syn-
thesized with 6-anilino position coupling of a dansyl ethylenedi-
amine group to both retain CDK-inhibitory function and enable 
fluorescent imaging capability.13,14 We established that VMY 
exhibited a significant increase in potency vs. PVB in inducing 
cell cycle arrest and apoptosis in human prostate and breast can-
cer cell lines while still remaining largely inactive in immortal-
ized cells, consistent with this group of inhibitors.13,14 We believe 
that the increased potency of VMY may be due in part to the 
lipophilic dansyl side-group supporting increased cell membrane 
permeability. In the present study using human medulloblas-
toma cell lines, we present data that further establishes that VMY 
exhibits increased potency at inducing G

2
/M arrest and in induc-

ing apoptosis, PARP- and caspase-3-cleavage and increasing the 
levels of DR4, DR5, Bax and Bad vs. its parent compound, PVB. 
Importantly, we also present new findings demonstrating that 
while VMY was as effective as flavopiridol at inhibiting intra-
cellular CDK1 enzymatic activity, achieving a greater than 90% 
inhibition, only VMY disturbed centrosome polarity, affecting 
chromosomal alignment and migration, thereby significantly 
disrupting mitosis. Our results indicate that VMY has unique 
properties related to its ability to rapidly disrupt the mitotic appa-
ratus, potentially differentiating VMY from other small molecule 
CDK inhibitors.

Results

VMY inhibits cell cycle progression in DAOY. We have recently 
described the effects of VMY, a novel dansylated-analog of purv-
alanol B on prostate and breast cancer cell lines.13,14 In the present 
study, DAOY and D556 human medulloblastoma cell lines were 
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Figure 1. Effects of VMY on cell cycle progression in human medulloblastoma cells. The human medulloblastoma cell lines (A), DAOY or (B) D556 were 
treated for 18 h with either LY294002 (LY), purvalanol B (PVB) or VMY at the concentrations shown. Cells were harvested and both DNA fragmenta-
tion (subG1) and the cell cycle profile were measured by flow cytometry. Data are average ± standard deviation of n ≥ three separate experiments vs. 
DMSO.
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from DAOY cells co-treated for 18 h with nocodazole and either 
DMSO, PVB (30 um), VMY (30 um) or flavopiridol (10 uM). 
Both VMY and flavopiridol inhibited CDK1 activity by over 
90% (Fig. 2D), vs. a 33% inhibition by PVB.

VMY delays progression through mitosis. Orderly regulation 
of the cyclinB/CDK1 complex is required for entry into mito-
sis.15 As VMY was able to significantly inhibit CDK1 activity in 
DAOY cells, we next assessed whether a component of VMY’s anti-
proliferative activity was associated with an inhibition of mitotic 
progression. To help determine how VMY blocked cell division, 
DAOY cells were stably transfected with histone-H2B-GFP 
(DAOY/H2B-GFP, described in the Methods section) to enable 

We therefore assessed the CDK-inhibitory capacity of VMY in 
protein extracts from treated DAOY cells. The catalytic activity 
of CDK1 in the cell extract was assessed using an in vitro kinase 
reaction with the CDK1 peptide target substrate (ADA QHA 
TPP KKK RKV ED). Intracellular CDK1 activity was initially 
quantified using extracts from randomly cycling cells or in cells 
synchronized in the G

2
-phase of the cell cycle with nocodazole. 

The CDK1-kinase activity in randomly cycling cells was less 
than 0.1 nmol of phosphate utilized per minute (0.035 nmol/
min/mg ± 0.005, n = 3), which increased 15-fold in cells syn-
chronized with nocodazole (to 0.522 nmol/min/mg ± 0.3, n = 4) 
(Fig. 2D). CDK1-kinase assays were next performed on extracts 

Figure 2. Effects of VMY on DAOY cell proliferation. (A) DAOY cells were treated for 18 h with either DMSO, the dansyl group alone or VMY-1-103 at the 
concentrations shown. Cells were harvested and cell viability assessed by trypan blue dye exclusion on >300 cells. Data are average ± standard devia-
tion of n ≥ three separate experiments. (B) Apoptosis proteome arrays performed on extracts from DAOY cells were treated for 18 h with either DMSO 
or VMY at 30 uM. Fold change in protein abundance vs. DMSO are shown as Ave ± deviation of duplicate samples from n = two separate experiments. 
A representative proteomic array is shown at top. (C) Representative protein gel blot (n ≥ 3) performed on DAOY cells treated for 18 h with either PVB 
or VMY at the concentrations shown. (D) In vitro CDK1-kinase assays performed on DAOY cell extracts treated as marked. Data are percent inhibition 
in substrate phosphorylation vs. vehicle control for n = two experiments. Flavo, Flavopiridol; Cl- capase-3, cleaved caspase-3; PARPFL, full length PARP; 
PARPL, 89 kD fragment of cleaved PARP; Noc, nocodazole; Veh, vehicle.
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VMY treatment disrupts centrosome polarity and induces 
mislocalization of chromosomes. The Aurora-family of kinases 
is comprised of three genes (aurka, aurkb and aurkc) and Aurora 
Kinase A localizes to the centrosomes and spindle poles and 
regulates spindle assembly and centrosome maturation.18 Aurora 
Kinase B acts in part to correct for misaligned chromosomes dur-
ing mitosis,19 and histone H3 that has been phosphorylated on 
serine 10 (p-HH3) by Aurora Kinase B is a marker of mitotic 
activity. The Wee1 kinase is a spindle pole associated protein 
during the G

2
/M transition. Wee1 functions to regulate progres-

sion from G
2
 into mitosis by inhibiting the activity of the cyclin  

visualization of chromosomal activity in liv-
ing cells using time lapsed video microscopy. 
DAOY/H2B-GFP cells were synchronized 
with nocodazole for 18 h, resulting in more 
than 90% of the cells arresting in G

2
 (not 

shown). Nocodazole was removed from the 
cells followed by fresh culture media con-
taining either DMSO, PVB, flavopiridol 
or VMY. The time of progression through 
mitosis was quantified by live cell imaging 
using a Nikon Eclipse TE300 video micro-
scope. By 6 h, 26% of control, and 28% of 
the PVB-treated DAOY/H2B-GFP cells 
underwent an orderly progression from pro-
phase through metaphase into telophase 
(Fig. 3A and C). Treatment with flavopiri-
dol resulted in a significant acceleration of 
mitotic progression (Fig. 3C). This accelera-
tion, or “mitotic slippage,” is frequently seen 
with CDK inhibitors such as purvalanol, 
roscovitine or flavopiridol,16 and is the result 
the inhibition of cyclinB/CDK1 activity 
during mitosis.17 Conversely, treatment with 
VMY significantly reduced the number of 
cells completing mitosis within 6 h to less than 10% at 30 uM 
(Fig. 3A), and significantly prolonged metaphase vs. PVB or vehi-
cle (Fig. 3B and C). Stage-specific analyses of the mitotic transit 
times established that while treatment with 30 uM PVB resulted 
in a slight acceleration in the prophase to metaphase progression 
(Fig. 4A), treatment with VMY significantly delayed both the pro-
phase to metaphase and metaphase to anaphase transitions (Fig. 
4A and B). Similar results were seen in D556 cells, where VMY 
significantly delayed mitotic progression (Fig. 5A and B) while fla-
vopiridol significantly shortened time in mitosis (Fig. 5A and B), 
which is again consistent with its ability to induce mitotic slippage.

Figure 3. VMY-induced disruption of mitosis in DAOY cells. Live cell imaging was performed using stably transfected DAOY/GFP-H2B cells. (A) The  
percent of cells that successfully completed mitosis within 6 h following release from nocodazole block. (B) Metaphase transit time. (C) Examples 
of transit times of cells that successfully progressed through metaphase. Data are average percent change (+ SD, n > 250 cells, two separate experi-
ments). Arrows, significant changes in mitotic progression in VMY vs. Flavo (flavopiridol) treated cells.

Figure 4. VMY delays progression through mitosis. DAOY/GFP-H2B cells were released from 
nocodazole block and followed by live-cell video microscopy. Time of progression from  
(A) prophase to metaphase and (B) metaphase to anaphase. *p ≤ 0.05, **p ≤ 0.01.



www.landesbioscience.com	 Cancer Biology & Therapy	 823

with PVB, VMY or flavopiridol following release from an 18 
h nocodazole block established that the abundance tyrosine-
15-phosphorylated CDK1 was not significantly affected by 
treatment with PVB, VMY or flavopiridol (Fig. S2), suggesting 
that VMY was not inhibiting Wee1 kinase activity during that 
time period. Aurora Kinase A levels were not affected by VMY 
or PVB, but were decreased following 1 h treatment with flavo-
piridol (Fig. S3), perhaps due to the mitotic slippage induced by 
flavopiridol.

Discussion

Like many cancers, the etiology of MB is diverse, and a complex 
array of developmental and cell cycle regulatory genes, proteins 
and signaling pathways have been found to be compromised in 
both clinical samples4-6 and in animal models.20,21 Regardless of 
the underlying genetic or molecular abnormality, these tumors 
are highly proliferative, and advances in clinical treatment 
will require developing therapies that effectively target critical 
components of the cell proliferation machinery. This approach 
is underscored by the observation that Hh signaling pathway 
inhibitors such as GDC-0449, while initially successful in 
treating adult MB, induced or supported activating somatic 
mutations that ultimately resulted in disease recurrence.22 We9 
and others23 have recently explored the possibility that inhibit-
ing the transcription factor, Gli, with arsenic trioxide may effec-
tively block MB proliferation in culture and in mouse models 
of MB.

In the present report, we describe the effects of a new CDK-
inhibitor developed by our group on cell proliferation and apop-
tosis in human medulloblastoma cell lines. Collectively the data 

B/CDK1 holoenzyme complex via phosphorylation of CDK1 on 
tyrosines 14 and 15.

Based on our observations that VMY delayed the progression 
through mitosis, and to begin to understand the effect that VMY 
was having on the mitotic apparatus, randomly-cycling control 
and inhibitor-treated DAOY cells where probed with anti-Aurora 
A and p-HH3 antibodies and were counterstained with both 
phalloidin for F-actin and DAPI for chromatin.

In control cells, Aurora Kinase A immunofluorescence was 
centrally located within the chromatin during prometaphase, 
and was associated with the polar centrosome structures as the 
cells progressed into metaphase (Fig. 6A, PM and M respec-
tively), consistent with its normal mitotic localization. The signal 
for p-HH3 localized to the end of the condensed chromosomes 
as expected (Fig. 6A). In contrast, within 1 h of treatment with 
VMY, mitotic abnormalities were evident, with cells exhibiting 
a disorganized alignment of the chromosomes (Fig. 6B, PM and 
A). In addition, while Aurora Kinase A staining remained local-
ized to the centrosome, treatment with VMY resulted in a mis-
localization of p-HH3 during all stages of mitosis (Fig. 6B). In 
those cells that were able to progress through metaphase, abnor-
malities such as lagging chromosomes persisted (Fig. 6B, A and 
T ).

Control cells stained with Aurora Kinase A and phospho-
serine 53-WEE1 andibodies, DAPI and phalloidin exhibited 
colocalized Aurora kinase A and Wee1 within the centrosome 
(Fig. 6C). While centrosome polarity was disrupted during pro-
metaphase and metaphase, treatment with VMY did not appear 
to disrupt Aurora kinase A and Wee1 colocalization, despite its 
effect on chromosomal organization and migration. Protein gel 
blotting performed on extracts from DAOY cells treated for 1 h  

Figure 5. Effects of VMY and flavopiridol on Mitosis in D556 cells. Stable GFP-H2B/D556 cells were treated with nocodazole for 18 h. The nocodazole 
was removed and the cells were treated with the compounds as shown and followed by live cell imaging. (A) Average, n = four experiments. (B) Repre-
sentative live cell images. **p < 0.01. Arrows, significant changes in mitotic progression in VMY vs. Flavo (flavopiridol) treated cells.
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also were reduced (Ringer L, Albanese C, unpublished) however 
no change in the G

1
 fraction of cells was observed (Fig. 1). The 

functional consequences of the reduction of these proteins and 
whether regulation occurs at the level of RNA polymerase II is 
not known at this time. Hyperphosphorylated p21CIP1/WAF1 has 
been shown to activate the CDK1/Cyclin B complex during the 
G

2
/M transition29 and a loss of p21CIP1/WAF1 may delay mitosis. 

However, since both VMY and flavopiridol cause a similar reduc-
tion in protein levels, the loss of p21CIP1/WAF1 cannot explain the 
differential effects on mitotoic progression seen between the two 
compounds.

While VMY does not appear to promote a complete disorgani-
zation of the centrosome, alterations were clearly evident, includ-
ing compromised polarity. Defects in centrosome structure or 
function can have profound influences on mitosis, and cells that 
undergo a prolonged mitotic arrest become susceptible to mitotic 
apoptosis, which occurs when a cell is unable to fulfill its spindle 
checkpoint function. Commonly used chemotherapeutic agents 
such as the taxanes and vincristine, as well as inhibitors of key 

presented indicate that VMY induced cell 
cycle arrest and induced apoptosis at con-
centrations that were significantly lower 
than its parent compound, PVB, consis-
tent with our previous studies.13,14 VMY 
was also capable of significantly inhibiting 
CDK1 kinase activity but while flavopiridol 
induced mitotic slippage, VMY significantly 
delayed completion of prometaphase and 
metaphase, in part through interfering with 
chromosomal organization, thereby disrupt-
ing the orderly progression through mitosis. 
We conclude that a component of VMY’s 
antiproliferative activity is the result of an 
induction of induction of apoptosis during 
mitosis, a process that has been referred to 
as mitotic catastrophe.24

The cyclin B/CDK1 complex is a key reg-
ulator of cell division. Orderly progression 
from G

2
 to M requires a phosphorylation-

dependent inhibition of CDK1 on Thr14 
and Tyr 15 by Wee1/MYT1 in G

2
, enabling 

the proper timing of entry into mitosis. As 
cells progress into M, the cyclin B/CDK1 
complex is activated via dephosphoryla-
tion of the CDK1 Thr14 and Tyr 15 resi-
dues by the Cdc25C phosphatase. For cells 
to continue to progress through metaphase 
and complete cell division, cyclin B/CDK1 
activity has to again be suppressed, occur-
ring through degradation of cyclin B via the 
APC/C complex and the ubiquitin/proteo-
some pathway.25 Because the suppression of 
cyclin B/CDK1 activity during mitosis is 
prerequisite for M-phase progression, CDK1 
inhibitors such as PVB and flavopiridol have 
been found to induce mitotic slippage and 
accelerate mitosis and cytokinesis. For example, experiments per-
formed in mitotically inhibited HeLa cells established that inhi-
bition of CDK1 with PVB resulted in an accelerated mitotic exit 
and premature cytokinesis.26 Mitotic slippage was also seen in 
taxane-inhibited cells treated with flavopiridol.27 It is generally 
believed that mitotic slippage inhibits M-phase apoptosis but can 
result in G

1
 arrest and apoptosis due to anueploidy.28 We found 

that while treatment of MB cells with flavopiridol, and to a much 
lesser extent purvalanol B, resulted mitotic slippage, VMY not 
only failed to affect mitotic slippage, but induced a prolonged 
prometaphase/metaphase arrest which was due, at least in part, 
to a loss of normal chromosomal localization.

VMY, like roscovitine and flavopiridol, can inhibit the CDK7/
CAK and CDK9/Cyclin T1 kinases in vitro14 which affect tran-
scription via a phosphorylation-dependent regulation of the 
c-terminal domain of RNA polymerase II. The cyclin D1 and 
p21CIP1/WAF1 genes are known targets. We have shown that protein 
abundance of p21CIP1/WAF1 was significantly decreased by VMY 
(Fig. 2) and as well as by flavopiridol (Fig. S1). Cyclin D1 levels 

Figure 6. Merged fluorescent imaging of DAOY cells. Cells were treated DMSO or VMY (30 um) 
for 1 h. (A and B) Cells were stained with phospho-histone H3 (yellow) and Aurora Kinase A an-
tibodies (red) as well as with DAPI (blue) and phalloidin for F-actin (green). (C and D) Cells were 
stained with phospho-Wee1 (yellow) and Aurora Kinase A antibodies (red) as well as with DAPI 
(blue) and phalloidin for F-actin (green). The Wee1/Aurora A merge is in orange. PM, prometa-
phase; M, metaphase; A, anaphase; T, telophase. Arrows, trailing or misaligned chromosomes,  
*, mislocalized Wee1, Aurora Kinase A or phospho-histone H3.
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with array buffer (supplied by the manufacturer) for 1 h at room 
temperature, the membranes were washed and incubated with 
500 μg of protein overnight at 4°C. A biotinylated primary anti-
body (supplied by the manufacturer) was added for 1 h, followed 
by a 30 min incubation with Streptavidin-HRP, and finally with 
an ECL reagent (1:3,000; Pierce). Array data were developed 
on X-ray film and spot areas and intensities were analyzed using 
ImageJ (NIH) as previously described in reference 13.

Fluorescence imaging. Cells were seeded on glass coverslips 
and treated with DMSO or inhibitors for 1 h. Cells were washed 
with PBS and fixed in 10% formalin for 10 min. Cells were then 
washed three times with PBS, permeabilized with 0.1% Triton 
X-100, and washed an additional three times with PBS. Cells were 
then incubated with the following primary antibodies: p-Wee1 
(Ser 53, 1:50, Santa Cruz), Aurora A (1:100, BD Biosciences), 
and p-Histone H3 (S10, 1:200, Cell Signaling) for 1 hr at room 
temperature. Slides were then washed with PBS an additional 
three times and stained with the following secondary antibod-
ies for 30 min at room temperature: Cy5 donkey anti-rabbit 
(1:200, Invitrogen) and Texas Red donkey anti-mouse (1:200). 
Slides were then counterstained with DAPI and 488-Phalloidin 
(1:200, Invitrogen) for 5 min. The coverslips were mounted onto 
glass slides with Tris-buffered fluoro-gel (Electron Microscopy 
Sciences). Confocal microscopy was performed on an Olympus 
Fluoview-FV300 Laser Scanning Confocal System (100x lens, oil 
immersion).

Live cell imaging. Automated time-lapse microscopy was 
performed on a Nikon Eclipse TE-300 Inverted Spinning 
Disc Confocal Microscope System. Cells were maintained in a 
microscope stage incubator at 37°C in a humidified atmosphere 
of 5% CO

2
 throughout the experiment. Confocal microscopy 

was performed using a 40x lens. Images and time-lapse videos 
were obtained using Velocity (v 5.3.1) image acquisition and 
analysis software by Improvision. To image time in mitosis, 
stable GFP-H2B DAOY cells were seeded in a 12-well glass-
bottom dish (MatTek) and were synchronized in the G

2
 phase 

of the cell cycle with 20 ng/ml nocodazole for 12 h. Ten to 
twenty cells were selected in each well using the Velocity soft-
ware, and imaged in the presence of nocodazole. Media con-
taining nocodazole was then removed from the dish and the 
cells were washed three times with PBS. Cell culture media 
was replaced containing DMSO, Purvalanol B, Flavopiridol or 
VMY-1-103. Cells were immediately imaged every 2 min for  
12 h. Ten Z-stack sections were taken images were taken per cell 
(3 uM spacing between slices) with a GFP (488 nm) laser. One 
bright-field image was taken in the center of each cell as a refer-
ence point. Mitotic cells were quantified and manually analyzed 
for time in mitosis.

Cdk1 kinase assays. Ten centimeter dishes of 80% conflu-
ent DAOY cells were placed on ice for 10 min and scraped into 
the culture medium. The cells were collected by centrifuga-
tion for 5 min at 500 g, washed with 10 ml PBS containing 1 
mM MgCl

2
 and resuspended in 1.0 ml kinase assay buffer (25 

mM β-glycerophosphate, 25 mM (4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid)-KOH (pH 7.4), 10 mM MgCl

2
,  

5 mM ethylene glycol tetraacetic acid, 1 mM dithiothreitol,  

mitosis-related kinases, such as the Aurora or Polo-like kinases, 
induce mitotic apoptosis through disruption of the mitotic spin-
dle (reviewed in ref. 30), highlighting the mitotic checkpoint as 
a target for intervention. While the mechanisms by which VMY 
interfered with both chromosome alignment during metaphase 
and their migration during anaphase and telophase are not yet 
known, the rapid mitotic disruption observed with VMY clearly 
differentiates this compound from its parent, PVB, as well as 
from flavopiridol. These non-classical spindle-disrupting capa-
bilities of VMY in combination with its classical CDK-inhibitory 
activity suggest that VMY represents a new sub-class of small 
molecule CDK inhibitor. Our data warrant further investigations 
into the anti-mitotic mechanisms of action of VMY both in vitro 
and in preclinical MB models.9

Materials and Methods

Cell lines and cell culture. The human medulloblastoma cell 
lines, DAOY and D556 were maintained in RPMI, with 10% 
FCS, 0.1 mM non-essential amino acids, 100 U/ml Penicillin-
Streptomycin and 1 mM sodium pyruvate at 37°C in 5% CO

2
 

as previously described in references 9 and 10. The PI3K inhibi-
tor LY294002 (Sigma), the parent CDK inhibitor purvalanol B 
(Sigma), flavopiridol (Sigma), or VMY-1-103,13,14 were added to 
the culture medium for up to 18 h. DMSO was used as vehicle 
control. The ED

50
s were calculated using Prism (GraphPad). 

To label chromatin, DAOY cells were stably transfected with 
pEGFP-N1-Histone2B-GFP plasmid (a gift from Susette 
Mueller). Briefly, a 10 cm dish of DAOY cells was transfected 
with 10 μg of GFP/H2B in media containing 10% FBS using 
fugene 6 (Roche). After 48 h, the cells were split into three  
10 cm dishes and 400 μg/ml G418 (Invitrogen) was added. 
Positive colonies were identified by fluorescence microscopy and 
six individual clones were selected. The cells were treated with 
VMY followed by cell cycle analyses and comparisons were made 
to untransfected cells to ensure there were no changes in the cells 
sensitivity to the drug.

Flow-cytometry. The medulloblastoma cells were collected 
by trypsinization, fixed in 10% ethanol and resuspended in PBS 
containing 20 μg/ml propidium iodide (PI) and 5 U RNase A. 
DNA content was measured using a FACStar Plus dual laser 
FACSort system (Becton-Dickinson) as previously described in 
references 13, 31 and 32.

Immunoblotting. Protein extracts were separated on 
4–20% Tris-glycine gels and electro-blotted onto nitrocellu-
lose.13,33 Protein levels were assessed using antibodies against 
cyclin B1, cleaved caspase-3 and PARP and p21CIP1, as previ-
ously described in reference 13. Anti-b-actin (Cell Signaling, 
4967) was used as loading control as previously described in 
reference 13.

Cell viability and growth. Following inhibitor treatment, 
cell viability was determined by trypan blue exclusion. For apop-
tosis assays, Proteome Profiler human apoptosis arrays (R&D 
Systems) were performed as previously described in reference 13 
as per the manufacturer’s protocol. Briefly, nitrocellulose mem-
branes (spotted with 35 antibodies, in duplicate) were blocked 
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0.5 mM phenylmethylsulfonyl fluoride, 0.1 mM Na
3
VO

4
, 1 μg/ml 

aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin) at 4°C. Lysates 
were prepared using ultrasonic disruption at 4°C and immediately 
assayed for kinase activity. For each lysate, parallel assays were per-
formed for 12 min at 33°C in the presence and absence of 0.1 mM 
CSH103 cdk1 substrate peptide (ADA QHA TPP KKK RKV 
ED; Enzo Life Sciences), and included (in a total volume of 100 
μl) 10–20 μl lysate, 0.1 mM ATP and 0.1 mCi/ml γ-[32P]ATP 
(7,000 Ci/mmol; MP Biomedicals). To determine levels of phos-
phorylation, 25 μl aliquots of assays were spotted on 2.3 cm P81 
cellulose phosphate filters (Whatman) followed by five washes with 
100 ml 1% (v/v) H

3
PO

4
 (≥5 min per wash). Washed filters were 

transferred to 20 ml glass vials for scintillation counting follow-
ing addition of 10 ml BioSafe II scintillation cocktail (Research 
Products International). Counts were normalized for [32P]ATP 
specific activity and lysate protein concentration; determined using 
the Bio-Rad protein assay with a bovine IgG standard.
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