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Abstract
Malignant rhabdoid tumor (MRT) is a rare and highly aggressive neoplasm of young children.
MRT is characterized by inactivation of integrase interactor 1 (INI1). Cyclin-dependent kinase 4
(CDK4), which acts downstream of INI1, is required for the proliferation of MRT cells. Here we
investigated the effects of PD 0332991 (PD), a potent inhibitor of CDK4, against five human
MRT cell lines (MP-MRT-AN, KP-MRT-RY, G401, KP-MRT-NS, KP-MRT-YM). In all of the
cell lines except KP-MRT-YM, PD inhibited cell proliferation > 50 %, (IC50 values 0.01 to 0.6
µM) by WST-8 assay, and induced G1-phase cell cycle arrest, as shown by flow cytometry and
BrdU incorporation assay. The sensitivity of the MRT cell lines to PD was inversely correlated
with p16 expression (r = 0.951). KP-MRT-YM cells overexpress p16 and were resistant to the
growth inhibitory effect of PD. Small interfering RNA against p16 significantly increased the
sensitivity of KP-MRT-YM cells to PD (p < 0.05). These results suggest that p16 expression in
MRT could be used to predict its sensitivity to PD. PD may be an attractive agent for patients with
MRT whose tumors express low levels of p16.
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Introduction
Malignant rhabdoid tumor (MRT) is one of the most aggressive malignancies of early
childhood. The majority of MRTs are characterized by biallelic inactivation in the integrase
interactor 1 (INI1) tumor suppressor gene, located in chromosome 22q11.2 [1]. The overall
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survival rate of patients with MRT of kidney is only 20 to 25 % [2]. Therefore, an effective
treatment for patients with MRT is urgently needed.

INI1 (also known as SNF5 or BAF47) is a core subunit of all human SWI/SNF complexes.
INI1 transcriptionally inhibits the expression of cyclin D, which forms a complex with
cyclin-dependent kinase 4 (CDK4), functions as a regulator of cyclin D-CDK4 complex, and
induces the expression of the p16 (also known as Ink4a/CDKN2A) [3,4]. Increased p16
expression inhibits cell cycle progression to the S-phase by preventing the activation of
cyclin D-CDK4 kinase. In MRT cells, the INI1 gene is mutated or deleted, resulting in a loss
of INI1 function [1]. This induces the expression of cyclin D and inhibits p16 expression,
which accelerates the transition from the G1 phase to the S phase [5]. These changes result
in unregulated cell cycle progression in MRT cells. Therefore, cyclin D-CDK4 kinase is an
important therapeutic target for MRT.

PD 0332991 (PD) is a small, highly selective inhibitor of CDK4. As a result, PD inhibits the
proliferation of cancer cells that express and activate CDK4. PD has been shown to be
effective against colon cancer, breast cancer [6–8], rhabdomyosarcoma [9], multiple
myeloma [10], mantle cell lymphoma [11], and glioblastoma [12]. However, it is unknown
whether PD is effective against MRT cells. In this study, we found that the inhibition of the
proliferation of MRT cells by PD was inversely related to p16 expression.

Materials and Methods
Cell Lines and Cell Culture

MRT cell lines, G401, MP-MRT-AN (AN), KP-MRT-RY (RY), KP-MRT-NS (NS), and
KP-MRT-YM (YM) cell lines, were cultured in RPMI1640 medium containing 10% fetal
bovine serum (FBS) and were subcultured as previously described [13]. The HeLa human
uterine cervix carcinoma cell line was used as a positive control of p16 expression.

Reagents
PD was kindly provided by James Christensen (Pfizer, San Diego, CA, USA). A stock
solution of the compound was prepared in dimethyl sulfoxide (DMSO, Sigma. St. Louis,
MO, USA) and stored at −80 °C. PD was used at final concentrations from 0 to 10 µM,
according to previous reports [6,9,11,14].

WST-8 assay
Cells were seeded in normal growth medium into 96-well cell plates. After 24 h, the culture
medium was replaced with culture medium containing PD or DMSO. Cells were cultured
and treated in triplicate. Cell proliferation was determined 8 days after the treatment by
WST-8 assay using a Cell Counting Kit-8 (Dojin East, Tokyo, Japan) as described
previously [15].

Cell cycle analysis
After 48 h incubation with PD or DMSO, the cells were harvested. Flow cytometry analysis
was analyzed as described previously [16]. For the BrdU incorporation assay, cells were
seeded in 96-well plates, incubated for 24 h, and then PD or DMSO was added. After an
additional 48 h, BrdU incorporation was measured with a BrdU labeling and detection kit I
(Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer’s
instructions and examined with a microplate reader (Multiscan JX, Dainippon
Pharmaceutical). BrdU incorporation was calculated as OD405－OD490, where OD490 was
used as a reference.
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Immunoblotting
Cell lysates were purified, adjusted to equal protein concentrations, separated by SDS-
PAGE, and transferred as previously described [17]. The membrane was immunoblotted
using anti-p16 polyclonal antibody (clone16P04; 1:200; Neomarker, Union City, CA, USA),
anti-CDK4 monoclonal antibody (#2906; 1:1000; Cell signaling, Beverly, MA, USA), anti-
cyclin D polyclonal antibody (sc-753; 1:200; Santa Cruz Biotechnology), anti-Rb
monoclonal antibody (#9309; 1:2000; Cell signaling), and anti-β-actin antibody (clone
AC-15; 1:2500, Sigma Chemical Co., St. Louis, MO, USA). Antibody binding was detected
with an enhanced chemiluminescence detection system (Amersham, St. Louis, MO, USA).

Immunoprecipitation
After 24 h incubation with culture medium containing PD or vehicle alone, the cells were
harvested. Lysates were prepared as described above, incubated for 30 min with the
appropriate amount of Rb (4H1) monoclonal antibody (#9309; 1:100; Cell Signaling
Technology, Beverly, MA, USA) and protein A/G-plus agarose (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 4 °C overnight, and washed 5 times with lysis buffer. The
membrane was transferred and blocked as described above and incubated with phospho-Rb
(ser780) polyclonal antibody (#9307; 1:1000; Cell Signaling Technology,) or Rb (4H1)
monoclonal antibody (#9309; 1:2000; Cell Signaling Technology).

Real-time Polymerase Chain Reaction
Cells were harvested at the log-growth phase. Total RNA was extracted, and transcribed into
cDNA as described above [17]. For the experiments in which PD was added, total RNA was
extracted after an additional 1 or 2 days. cDNAs for p16, proliferating cell nuclear antigen
(PCNA), cyclin A, and glucose-6-phosphate dehydrogenase (GAPDH) were amplified with a
7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR-
GREEN 1 (TAKARA BIO, INC., Otsu, Japan). The primer sets (Supplementary Table 1)
were selected to amplify with very nearly the same efficiency. Target mRNA levels were
normalized to GAPDH mRNA levels and calculated by the ΔΔcycle threshold (CT) method
[18].

Analysis of enzyme activity for CDK4
CDK4 kinase activity was measured with the non-radioisotopic C2P system (Sysmex, Kobe,
Japan) as described previously [19]. Protein lysate was applied to a well of a dot-blot device.
To measure kinase activity, CDK molecules were immunoprecipitated from 100 µg of lysate
total protein with 2 µg anti-CDK4 antibody and 20 µl protein A Sepharose beads
(Amersham) for 1 h at 4 °C. The thiophosphate of ATP-γ-S was transferred to the protein
substrate during the on-bead kinase reaction under continuous shaking at 37 °C for 30 min.
The introduced thiophosphate was labelled further with 5- iodoacetamidofluorescein for 90
min in the dark at room temperature and blotted onto a polyvinylidene fluoride membrane
for 1 h at 37 °C. Fluorescent images of the dot-blot device membrane were evaluated with a
Molecular Imager FX image analyzer (Bio-Rad, Hercules, CA, USA), and the fluorescence
intensity of the dots was quantified with the Quantity One program (Bio-Rad).

RNA interference of p16
p16 was knocked down by RNA interference (RNAi) as described previously [18]. In brief,
double stranded RNA against p16 (p16 small interfering RNA [siRNA]) targeting exon 2 of
p16 (NCBI GenBank ID: 1029) was purchased from Invitrogen Corp. (Grand Island, New
York, USA). Six hours after the transfection, the medium was replaced with fresh medium
with PD or vehicle alone. Two days after the medium was replaced, the cells were harvested
and the expression of p16 was evaluated by immunoblotting. Four days after the medium
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was replaced, cell proliferation was determined colorimetrically by WST-8 assay as
described above.

Statistical Analysis
Values are expressed as the mean ± SE. Two-sided Student’s t-test was used to statistically
evaluate the differences. P < 0.05 was considered to indicate a statistically significant
difference. The levels of p16 in each cell line on immunoblotting was analyzed with Image J
1.43 (NIH, Bethesda, MD, USA) and was normalized to the level of β-actin. The relation
between the sensitivity of the MRT cell lines to PD and the p16 expression of the cell lines
was analyzed by a Pearson’s correlation coefficient test. In the immunoprecipitation
experiments, the level of Phospho-Rb was normalized to the level of Rb.

Results
PD inhibited proliferation of AN, RY, G401 and NS MRT cells by suppressing the cell cycle
progression at the G1-phase

The AN, RY, G401 and NS cell lines were effectively inhibited by PD in a concentration-
dependent manner in a WST-8 assay (Fig. 1A). The 50 % inhibition concentrations (IC50)
were 0.01 µM, 0.01 µM, 0.06 µM, and 0.6 µM, respectively. In contrast, the YM cell line
was resistant to PD (IC50 >10 µM). The flow cytometry results show that PD at
concentrations between 0 to 1.0 µM induced G1 arrest in the AN, RY, G401 and NS cell
lines in a concentration-dependent manner, but had no effect on YM cells (Fig. 1B). The
BrdU incorporation results were consistent with the WST-8 and flow cytometry results: PD
reduced BrdU incorporation (indicating G1 arrest) in the AN, RY, G401 and NS cell lines,
but not in the YM cell line (Fig. 1C). PD, even at a concentration of 0.05 µM, significantly
reduced BrdU incorporation in the AN, RY, and G401 cell lines (p < 0.05).

PD dephosphorylates serine 780 residue of Rb and transcriptionally reduces cyclin A and
PCNA expressions in PD-sensitive MRT cell lines

PD dephosphorylated serine 780 of Rb (Rbser780) in a concentration-dependent manner in
PD-sensitive RY cells but not in PD-resistant YM cells (Fig. 2A). The expressions of cyclin
A and PCNA, which are regulated by E2F transcriptional factors, were significantly reduced
by PD in a concentration-dependent manner in PD-sensitive AN cells (p < 0.05), but not in
PD-resistant YM cells (Fig. 2B and C).

p16 expression of MRT cell lines was inversely correlated with their PD sensitivity and
CDK4 activity

Next, we analyzed the relation between IC50 for PD and expression of p16 in the MRT cell
lines, because not only PD but also p16 is a strong inhibitor of CDK4. An immunoblot
analysis showed that the levels of p16 expression varied in the MRT cell lines (p16/β-actin
AN: 0.067, RY: 0.13, G401: 0.24, NS: 0.43, YM: 1.02 densitometry units [DU]; Fig. 3A).
Similar results were obtained in three separate experiments. The order of expression of p16
mRNA in the MRT cell lines (AN < RY < G401 < NS < YM; Fig. 3B) was the same as the
order of p16 protein expression. The IC50 values were strongly correlated with the levels of
p16 expression in the AN, RY, G401 and NS cell lines (correlation coefficient; r = 0.951;
Fig. 3C). The YM cell line was excluded from the analysis because its IC50 value could not
be estimated. Furthermore, CDK4 activity in the MRT cell lines was inversely correlated
with p16 expression (Fig. 3D).
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siRNA of p16 increased the sensitivity of MRT cells to PD
We examined whether knockdown of p16 influenced the sensitivity of MRT cells to PD by
RNAi. The YM cell line abundantly expressed p16 and was resistant to PD even at a
concentration of 10 µM. p16 expression was not reduced in a mock control. In contrast, p16
knockdown reduced p16 protein expression by 79 % in the YM cell line (Fig. 4A). p16
knockdown without PD slightly induced proliferation of the YM cell line although the
difference was not significant (Fig. 4B). In addition, YM cells with p16 knockdown were
significantly more sensitive to PD than mock transfected cells (p < 0.05), even at
concentrations of 0.1 and 1.0 µM.

Discussion
We thought that PD could be a promising agent for treating MRT cells. Previous studies
have shown that loss of INI1 function is an indicator of MRT. In MRT cells, mutation or
deletion of INI1 reduces or abolishes the expression of p16 and induces the expression of
cyclin D [1,5]. Both changes result in activated CDK4. This suggested that inhibiting the
kinase activity of CDK4 could stop the proliferation of MRT cells. PD inhibits CDK4 by
binding to the ATP site [6], and inhibits proliferation of tumor cells that do not harbor
mutations of CDK4, cyclin D, and Rb. Mutation of these genes has not previously been
reported in MRT cells. Because sequencing of the five MRT cell lines revealed no mutations
in the Rb gene (data not shown), we expected that PD was a promising agent for treating
MRT cells.

As we expected, PD inhibited the proliferation of most MRT cell lines by inhibiting G1-S
cell cycle progression (Fig. 1). PD did not increase the sub-G1 population, indicating that it
did not induce apoptosis, even in the PD-sensitive MRT cell lines (data not shown). In
addition, PD led to the dephosphorylation of Rbser780, which is a specific target of CDK4,
and reduced the expression of cyclin A and PCNA regulated by the E2F transcription factors
in the PD-sensitive MRT cell lines, but not in PD-resistant MRT cell line (YM) (Fig. 2).
These results are consistent with previous reports on the effect of PD against other cancer
cells [6–12]. PD is a highly selective inhibitor of CDK4 (IC50 = 0.01 to 0.6µM), although at
more than 10 µM it inhibits a wide variety of tyrosine and serine, threonine kinases [6]. Our
results suggest that PD, even at low concentrations that specifically inhibit CDK4 activity, is
effective against most MRT cells in vitro.

Why does p16 expression influence the effect of PD against MRT cells? One possibility is
that because the proliferation of the MRT cells that express high levels of p16 may be slow,
for example the proliferation of YM cells, the growth of the MRT cells was not reduced
further by PD. Low expression of p16 induces high CDK4 activity (because p16 is a specific
CDK4 inhibitor), which promotes progression from the G1 phase to the S phase.
Conversely, high expression of p16 means low CDK4 activity and slow progression to the S
phase. CDK4 activity in the MRT cell lines was inversely correlated with p16 expression
(Fig. 3D). In fact, the YM cell line, which strongly expresses high levels of p16, had the
longest doubling time among our five MRT cell lines (data not shown). We therefore
suggest that p16 expression level and CDK4 activity are important for the growth of MRT
cells. Another possibility is that, in MRT cells that express high levels of p16, the p16-
CDK4-Rb pathway may not be necessary for cell proliferation. Earlier study has shown that
p16 expression reduces the BrdU incorporation of PD-treated breast cancer cells and Rb-
deficient breast cancer cells are resistant to the growth inhibitory effect of PD [7]. However,
in the five MRT cell lines, the sensitivity to PD was independent to Rb expression level
(Supplementary Fig. 1). There appears to be intrinsic cell-specific differences in the
response to Rb deficiency. Thus, we hypothesize that the proliferation of MRT cells depends
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on the level of p16 but not Rb and PD inhibits cell proliferation only in MRT cells that
express low levels of p16.

Most MRT cells express cyclin D and do not express p16 because of the loss of INI1
function [4,5,20]. However, a small number of MRT cell lines express p16 [21]. Why do
some MRT cell lines express p16 even though the INI1 gene is either deleted or mutated in
all the MRT cells in this study [17,22]? We can think of three reasons why only the YM cell
line overexpressed p16. First, there may be some factor, such as Polycomb group which
directly influences p16 expression, overcoming p16 reduction by INI1. One possible change
may be a loss of BMI-1, which is a polycomb complex protein that represses transcription of
p16 [23,24]. Second, there may be genetic or epigenetic mutations of CDK4, cyclin D and/or
Rb, although we did not find any mutation and it is inconsistent with our finding that p16
siRNA increased the sensitivity to PD. Third, there may be another pathway overcoming the
CDK4/6-cyclin D-Rb-E2F pathway when PD inhibits activation of CDK4/6, in the YM
cells.

PD is currently being used in phase II trials to treat a number of cancers, including multiple
myeloma, advanced breast cancer, advanced liposarcoma, recurrent Rb-positive
glioblastoma, advanced non-small cell lung cancer, relapsed Mantle cell Lymphoma, and
refractory solid tumors.

We expect that evaluation of p16 expression in a MRT will reveal whether PD will be a
useful therapeutic agent for children with MRT, although the effects of PD against MRT in
vivo must be determined before a clinical trial can be conducted.

In conclusion, we suggest that p16 expression of MRT cells can be used to predict their
sensitivity to PD and that if p16 expression of MRT is low, PD may be an effective drug
against MRT.

Highlights

1. PD 0332991 (PD) could suppress 4 of 5 malignant rhabdoid tumor (MRT) cell
lines.

2. The sensitivity of the MRT cell lines to PD was inversely correlated with p16
expression (r = 0.951).

3. p16 expression in MRT could be used to predict its sensitivity to PD.

4. PD may be an attractive agent for patients with MRT whose tumors express low
levels of p16.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

MRT Malignant rhabdoid tumor

INI1 integrase interactor 1

CDK4 Cyclin-dependent kinase 4

PD PD 0332991
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siRNA small interfering RNA

PCNA proliferating cell nuclear antigen

GAPDH glucose-6-phosphate dehydrogenase
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Fig. 1.
PD inhibits cell proliferation of most MRT cell lines by suppressing the cell cycle
progression at the G1-phase. A, Cells were seeded and allowed to attach for 24 h. PD
dissolved in DMSO was added at the indicated concentrations in triplicate cultures. Cell
proliferation was determined 8 days after the treatment using a WST-8 assay. Proliferation is
expressed as a percent of the proliferation in DMSO, used as a control. Values are the mean
of results from three wells. Bars, ±SE. B, Cells were seeded, allowed to attach for 24 h and
PD in DMSO (0.05 or 1 µM) or DMSO alone was added. Cell cycle phase was determined
after a further 48 h by flow cytometry. C, Cells were seeded, allowed to attach for 24 h, and
PD in DMSO (0.05 or 1 µM) or DMSO alone was added to triplicate cultures. The cells
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were incubated with BrdU solution at 37 °C for 2 h. The proportion of cells in active
replication was determined 48 h after adding PD using the BrdU incorporation assay. We
obtained similar results in separate experiments and values are the mean of results from
three wells. bars, ±SE. *, p < 0.05 relative to the DMSO control. #, p > 0.05 relative to the
DMSO control.
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Fig. 2.
PD dephosphorylates Rbser780 and transcriptionally reduces cyclin A and PCNA expressions
in a PD-sensitive MRT cell line. A, Cells were harvested 24 h after treatment with PD or
vehicle alone, and protein was extracted. The lysates were immunoprecipitated with Rb
antibody, separated on a 7.5 % SDS-polyacrylamide gel and probed with Rbser780 or Rb
antibody. B and C, Cells were harvested 24 or 48 h after treatment with PD or DMSO, and
total RNA was extracted. The mRNA levels were measured for the cyclin A (B) and PCNA
(C) genes by real-time PCR and normalized to GAPDH mRNA expression. Similar results
were obtained in three separate experiments and values are the mean of results from three
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wells. The results are shown as relative mRNA levels relative to cells treated with DMSO.
bars, ±SE. *, p < 0.05 relative to the DMSO control.
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Fig. 3.
p16 expression of the MRT cell lines is inversely correlated with their PD sensitivity and
CDK4 activity. A, Cells were harvested at the log-growth phase and the lysates were
adjusted to have equal protein concentrations. The lysates were separated on a 10 % SDS-
polyacrylamide gel and probed with p16 or β-actin antibody. The HeLa cells were used as a
positive control of p16 proteins. We obtained similar results in three separate experiments.
B, Cells were seeded in normal growth medium and were harvested at the log-growth phase.
Extraction of total RNA, analysis of p16 mRNA, and normalization by GAPDH mRNA
were performed as described in Materials and Methods. The HeLa cells were used as a
positive control. The results are shown as relative mRNA levels relative to the HeLa cells.
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Values are the mean of results from three wells. bars, ±SE. Similar results were obtained in
three separate experiments. C, The levels of p16 and βactin were calculated by Image J
densitometry. The correlation coefficient between p16 /βactin levels on immunoblotting and
IC50 values of PD on WST-8 assay was 0.951 in AN through NS. D, CDK4 activity was
determined by a modified in vitro kinase activity assay using a C2P system (Sysmex).
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Fig. 4.
Knockdown of p16 by RNAi increases sensitivity of YM cells to PD. YM cells were seeded
in 100 mm cell plates or 96-well plates and allowed to attach for 24 h. The medium was
replaced with medium containing Lipofectamine 2000 with or without p16 RNAi. After an
additional 6 h, each well was replaced with fresh RPMI1640 medium containing 10% FBS
with or without PD in quadruplicate cultures. Immunoblotting analysis was performed after
2 days incubation (A). WST-8 was performed after 4 days incubation Proliferation is
expressed as a percent of the proliferation in Mock without DMSO, used as a control. (B).
We obtained similar results in separate experiments. Values are the mean of results from
three wells. bars, ±SE. *, p < 0.05 relative to the Mock control.
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