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Abstract
The phosphorylation state of Retinoblastoma protein (Rb) plays a role in cell proliferation and
apoptosis. Within cells, cyclin dependent kinases (cdks) phosphorylate Rb in response to growth
stimulatory signals, whereas protein phosphatase 1 (PP1) dephosphorylates Rb when cells stop
proliferating or undergo apoptosis in response to anti-proliferative or stress signals. Stimulation of
PP1 activity via siRNA mediated knockdown of its interacting protein PNUTS (Phosphatase
Nuclear Targeting Subunit) leads to Rb dephosphorylation and apoptosis in cancer cells. Here we
utilize two separate methods to modulate the phosphorylation state of Rb in cancer cells. Kinase
activity toward Rb is inhibited by the clinically relevant cdk inhibitor, Roscovitine. In addition,
siRNA mediated PNUTS knockdown stimulates phosphatase activity toward Rb. Either of these
treatments in cancer cells causes a two-fold stimulation of apoptosis. When activation of
phosphatase activity is combined with inhibition of cdk activity toward Rb, however, cells exhibit
a 4-fold increase in apoptosis. The mechanism by which PNUTS knockdown mediated PP1
activation leads to apoptosis was determined to be dependent on the activity of the transcription
factor E2F1. The Rb phosphorylation profiles resulting from each treatment were analyzed and
found to be similar but not identical. In addition, the two treatments differentially effect the
expression of bcl-2 family proteins. Thus inhibition of cdk activity and activation of PP1 activity
toward pRb are functionally distinct processes that together increase the apoptotic effect in cells.
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Introduction
Apoptosis is a highly controlled process utilized by multicellular organisms during
development or later within the adult organism to clear damaged cells in a manner that
minimizes disruption to nearby cells (1). Many cancer cells acquire the ability to evade
apoptosis which results in the persistence of damaged cells which can contribute to
tumorigenesis (2). The Rb tumor suppressor protein (Rb), in addition to its functions in cell
proliferation, differentiation and senescence, is also an important regulator of apoptosis (3).
Evidence for this notion was initially revealed using Rb-null mice which exhibit excessive
apoptosis in the nervous system, lens, and skeletal muscles (4,5,6). Subsequently it was
shown that expression of exogenous Rb in SAOS-2 Rb-null cells blocked apoptosis in
response to radiation exposure (7). Finally it was demonstrated that apoptosis triggered by
DNA damaging agents could be blocked in an Rb-dependent manner (8). This data has led
to the notion that Rb plays an important role in apoptosis.
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The function of Rb in the control of cell division is regulated by phosphorylation on several
amino acids (9). In proliferating cells, Rb phosphorylation status is controlled by the Cyclin
Dependent Kinases (cdks) which phosphorylate Rb in response to growth stimulatory
signals and Protein Phosphatase 1 (PP1) which dephosphorylates Rb at the end of each M
phase (9,10). In the absence of proliferative stimuli, cdk activity is inhibited, and Rb is
unphosphorylated which leads to cell cycle arrest. The anti-proliferative activity of Rb is
mediated via interaction with the E2F family of transcription factors which regulate both the
G1 to S phase transition and stimulation of apoptosis (9,11). However, when proliferating
cells are treated with apoptotic stimuli, Rb becomes dephosphorylated due to the activation
of PP1 which can lead to cell cycle arrest and/or apoptosis (12–14). Activity of PP1 is
controlled by association with regulatory subunits responsible for the substrate specificity,
localization and activity of the PP1 catalytic subunit (15). PNUTS (Phosphatase Nuclear
Targeting Subunit) is a PP1 binding protein that regulates PP1 activity toward Rb (16–18).
When PNUTS expression is reduced by siRNA in colon, breast and ovarian cancer cells,
apoptosis is induced due to activation of PP1 and dephosphorylation of Rb (19). The effect
of PNUTS knockdown is dependent on the expression of Rb. In addition, PNUTS is
involved in controlling cell death in response to cell stress such as hypoxia (20).

In this work, in order to examine the effect of targeting both cdk and PP1 activity toward Rb
in cancer cells, we combined PNUTS siRNA with cdk inhibition using the clinically
relevant cdk inhibitor, Roscovitine (21). Roscovitine (CYC 202, Seliciclib) is a purine
analog that competes with ATP for binding to the active site of cdks and exhibits potent in
vitro activity against cdk1, cdk2, cdk5, cdk7 and cdk9 (22–24). Downstream targets of cdks
include proteins involved in the control of cell proliferation and cellular transcription. For
example, Roscovitine-mediated cdk inhibition prevents phosphorylation of Rb and induces
cell cycle arrest in several model systems (25–27). Depending on dose and cell type,
Roscovitine can also induce apoptosis (28, 29). In addition, Roscovitine inhibits
phosphorylation of the carboxy-terminal domain of the large subunit of RNA polymerase II,
which is required for transcriptional activity (28). Some studies have found that the
mechanism of action of Roscovitine involved the activity of the tumor suppressor gene, p53
(30–32). Finally, Roscovitine has been shown to induce cell cycle arrest or apoptosis in
combination with other treatments such as doxorubicin, ErbB targeting agents, TRAIL
induced apoptosis and inhibition of farnesyl protein transferase (33–36). Thus it appears that
Roscovitine affects multiple targets within cell cycle and transcription activation pathways
and that the best clinical utilization of Roscovitine may be in combination with other agents.

In this paper we show that either cdk inhibition or PP1 activation alone can induce apoptosis
in cancer cells. However, when utilized in combination, the effect on cell number and
apoptosis in breast and colon cancer cells is enhanced by approximately two-fold. The
mechanisms involved in each of these processes is similar in that both appear to require the
activity of E2F1, however, each process targets a different subset of Rb phosphorylation
sites and each leads to a different pattern of expression of the bcl-2 protein family members
which carry out apoptosis. Finally, the ability of PNUTS knockdown to potentiate the effect
of Roscovitine appears to occur independent of p53 status in the cells utilized.

Results
PNUTS knockdown enhances Roscovitine-induced reduction in cell number

It has been previously shown that PNUTS knockdown or Roscovitine alone can cause a
reduction in cell number (19,26). To determine whether combined depletion of cdk activity
by Roscovitine and activation of PP1 activity by PNUTS siRNA would exert a
combinatorial effect on the cells, we treated p53+/+ and p53−/− HCT116 colon cancer cells
for eight hours with Roscovitine (25uM) followed by knockdown of PNUTS as described in
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the Materials and Methods. Viable cell number was measured 24 hours following
transfection of PNUTS siRNA. We observed that knockdown of PNUTS alone or
roscovitine treatment alone reduced cell number by approximately 30% in p53+/+ cells, with
less of an effect in p53−/− cells (Figure 1A). However, when cells were subjected to both
treatments, cell number in p53+/+ cells was reduced by 80% and cell number in p53−/− cells
was reduced by 50%. The efficacy of silencing PNUTS gene expression in these
experiments is shown (Figure 1B).

PNUTS knockdown enhances cell death induced by Roscovitine
Previous studies utilizing siRNA to the PP1 targeting subunit PNUTS showed that
dephosphorylation of Rb led to apoptosis in breast and colon cancer cells (19). Also, it has
been shown that Roscovitine can cause cell death (28,29). Therefore in these experiments
we measured whether the reduction in cell number observed when PNUTS siRNA was
combined with Roscovitine led to an increase in cell death. We utilized MCF7 breast cancer
cells which are p53+/+ and measured apoptosis by TUNEL assay. As shown in figure 2A,
the apoptosis measured in controls (DMSO or NT-nontargeting RNAi) was normalized to 1.
Roscovitine and PNUTS RNAi separately increased the induction of apoptosis by 2 fold,
which was similar to results published previously (19). However, when MCF7 cells were
treated first with Roscovitine (25uM, 8 hours) followed by PNUTS siRNA (24 hours) there
was a 4 fold induction of apoptosis. The knockdown of PNUTS in MCF7 cells is shown
(Figure 2B). We next utilized p53−/− HCT116 colon cancer cells and observed similar
results using a cell death ELISA (Roche) to measure apoptosis (Figure 2C). Thus the
reduction in cell number observed when cells are treated with both Roscovitine and PNUTS
siRNA is due to activation of apoptosis.

Apoptosis induced by PNUTS knockdown is dependent on E2F1
We next attempted to compare the mechanisms involved in apoptosis resulting from
Roscovitine and/or PNUTS knockdown. Because Roscovitine and PNUTS siRNA each alter
the phosphorylation state of Rb (19,25), and Rb phosphorylation regulates the association of
Rb with E2F1 (37,38), we investigated the role of E2F1 in this series of experiments.
Because it has clearly been shown that E2F1 is required for Roscovitine to induce apoptosis
(36) we focused on the role of E2F1 in apoptosis induced by PNUTS knockdown. We
utilized immortalized mouse embryonic fibroblasts that were either wild type, p53−/−, or
DKO p53−/−E2F1−/−. Knockdown of PNUTS was performed as described in the Materials
and Methods and reduced expression of PNUTS in these experiments is shown (Figure 3).
Whereas PNUTS siRNA caused a 30% increase in apoptosis in WT cells, and a 25%
increase in p53−/− MEFs, in p53−/−E2F1−/− DKO MEFs PNUTS knockdown caused only a
13% increase in apoptosis. Thus the loss of E2F1 reduced the induction of apoptosis induced
by PNUTS siRNA by 50%. This data that E2F1 is involved in the mechanism by which
PNUTS knockdown leads to apoptosis. In addition, it supports our earlier work that showed
that p53 is not involved in apoptosis induced by PNUTS knockdown (19).

Rb Phosphorylation profiles in response to Roscovitine and PNUTS knockdown
To compare the effects of cdk inhibition versus PP1 activation on Rb phosphorylation, we
determined which sites of Rb were dephosphorylated in response to Roscovitine or PNUTS
knockdown using p53−/− HCT116 cells. Roscovitine inhibits kinase activity toward Rb,
while PNUTS siRNA activates phosphatase activity toward Rb. As shown in Figure 4, these
two strategies that cause Rb dephosphorylation display differences in specificity toward Rb
phosphorylation sites. For example, Roscovitine treatment causes dephosphorylation of
amino acid Ser-795 but not of Thr-821, Ser-780 or Ser-807/811 whereas PNUTS
knockdown causes the dephosphorylation of Ser-795 as well as Thr-821, Ser-780,
Ser-807/811, and Ser-608. Thus inhibition of cdk activity effects specific sites of Rb
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phosphorylation, and activation of PP1 toward Rb (via PNUTS knockdown) causes the
dephosphorylation of a distinct set of amino acid sites.

Bcl-2 family protein expression profiles in response to Roscovitine and PNUTS
knockdown

Because apoptosis is carried out by the bcl-2 family of proteins (39), we determined the
effect of Roscovitine and PNUTS knockdown on the expression of several members of this
family using p53−/− HCT116 cells. Although neither Roscovitine or PNUTS knockdown
effected the BAX or BID proteins as shown in Figure 5, there were observable effects on
other members of the group. Interestingly, Roscovitine dramatically reduced the expression
of MCL-1, a finding which has previously been reported (28). However, PNUTS
knockdown had no effect on the expression of this apoptosis mediator. Similarities in the
effect produced by Roscovitine treatment and PNUTS knockdown include the decrease of
the anti-apoptotic protein BCL-XL, and an increase in the pro-apoptotic proteins PUMA and
BAD. Thus the effects of Roscovitine and PNUTS siRNA are similar on most of the bcl-2
family proteins with the notable exception of the effect on the expression of MCL-1.

Discussion
Alterations in the Rb pathway that lead to excessive phosphorylation of Rb have been
observed in almost all cancer types (3, 40). These modifications include overexpression of
cyclin proteins which activate cdks and/or the loss of endogenous cdk inhibitors (41). Here
in this work we have examined the effect of targeting Rb phosphorylation in cancer cells. In
previous studies we have shown that when Rb phosphatase is activated in cells using
PNUTS siRNA, the Rb dephosphorylation that results leads to apoptosis (19). To further
effect Rb phosphorylation, we utilized the cdk inhibitor Roscovitine. We found that utilized
alone, Roscovitine or PNUTS siRNA caused a two-fold increase in apoptosis in breast and
colon cancer cells. However, when cells are exposed to both of these treatments, apoptosis is
stimulated four-fold. This increase in apoptosis induction observed when cells are treated
with Roscovitine plus PNUTS siRNA suggests that the mechanism by which these two
treatments act to induce apoptosis may be distinct.

Therefore we analyzed the phosphorylation of Rb at several amino acids in order to
determine whether activation of phosphatase activity (PNUTS siRNA) or inhibition of cdk
activity (Roscovitine) led to similar or different phosphorylation profiles of Rb. From this
analysis of Rb phosphorylation, in these experiments, it appears that activation of
phosphatase activity toward Rb (PNUTS knockdown) exerts a greater effect on Rb
dephosphorylation than does cdk inhibition, evidenced by the increase in dephosphorylated
sites on Rb. This result suggests that in these experiments the primary effect of Roscovitine
may not be the dephosphorylation of Rb but of other targets of the cdks as discussed below.

Because most of the tumor suppressor functions of Rb are thought to be mediated via the
E2F family of transcription factors, we next determined whether E2F1 was involved in the
apoptosis observed in these studies. E2F1 has been implicated in apoptosis that occurs
through modulation of Rb activity (42). It is known that Roscovitine increases the
expression of E2F1 (36). In addition, E2F1 siRNA reduces Roscovitine induced apoptosis in
cells that lack p53 and in TRAIL induced apoptosis (36,43). Finally inhibition of cdks by the
cdk inhibitor flavopiridol causes dissociation of E2F from Rb and E2F1 activation (44).
Thus it seems clear that Roscovitine does require the activity of E2F1 to cause apoptosis. In
this study we determined that E2F1 is also required for apoptosis stimulated by activation of
Rb phosphatase activity. This result further extends and strengthens our previous findings
that E2F1 is involved in the mechanism by which PNUTS knockdown leads to apoptosis
(19).
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To understand the roles of the bcl-2 family of proteins in the mechanisms by which PNUTS
knockdown and Roscovitine induce apoptosis, we evaluated the expression of this class of
proteins after each treatment. The effects of both treatments on three apoptosis regulators
were similar for both PNUTS knockdown and Roscovitine treatment. BCL-XL is an
inhibitor of apoptosis (39) and was diminished in expression by both treatments. PUMA is
an activator of apoptosis (45) and its expression was increased by the two treatments. Finally
the expression of pro-apoptotic BAD (39) was also elevated by both the treatments.
However, a striking difference occurred in MCL-1 expression between cdk inhibition and
phosphatase activation. A reduction in MCL-1 levels alone can induce apoptosis (28). Thus
it was striking to observe that Roscovitine abolished the expression of MCL-1 whereas
PNUTS knockdown had no effect on MCL-1 expression. It has been shown that the effects
of Roscovitine on cells can be mediated through the inhibition of phosphorylation of cdk
substrates such as RNA polymerase II. Reduced phosphorylation of RNA polymerase II
leads to inhibition of transcription, which results in a loss of MCL-1 expression (28). Thus
in this study, it is likely that Roscovitine is acting via the inhibition of RNA polymerase
activity, and not only through dephosphorylation of Rb.

Although the involvement of p53 in the apoptosis observed in this study was not directly
assessed, it is interesting to note that loss of p53 in MEFs did not diminish the apoptosis
observed when PNUTS expression was reduced (figure 3), suggesting that p53 is not
required for PNUTS knockdown to cause apoptosis. This result is in agreement with our
previous studies that showed that PNUTS knockdown was equally proficient in causing
apoptosis in p53+/+ or p53−/− HCT116 colon cancer cells (19). However, p53 likely plays a
role in Roscovitine induced apoptosis. Recent studies have shown that Roscovitine up-
regulates p53 and induces apoptosis (46). However, here we show that even in the absence
of p53, Roscovitine clearly blocks the expression of MCL-1, suggesting that p53 may not be
required for Roscovitine to cause cell death. Further studies should elucidate the role of p53
in Roscovitine-mediated cell death.

Methods
Cell Culture

MCF7 cells were obtained from ATCC and grown in high-glucose Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). HCT116 p53+/+ and
HCT116 p53−/− isogenic human colorectal cancer cells were kindly provided by Bert
Vogelstein (Johns Hopkins University, Baltimore, MD) and were grown in McCoy’s 5A
media containing 10% FBS. Wild Type mouse embryonic fibroblasts (MEFs) were kindly
provided by Jean Wang (University of California at San Diego, San Diego, CA). p53−/− and
p53−/−E2F1−/− MEFs were a kind gift of Dr Olenski Petrenko, SUNY Stony Brook, NY.
MEFs were grown in high-glucose DMEM containing 10% FBS. All cell types were grown
in a 37°C humidified incubator containing 5% CO2 and maintained at or below 80–90%
confluence.

RNAi Transfection/Drug treatment
Cells were plated at the appropriate density to reach 40–50% confluence in 24 hours and
transfections were performed using the X-tremeGENE reagent (Roche) according to the
protocols supplied by the manufacturer. The RNA oligonucleotides used in MCF7 and
HCT116 cells were generated by Dharmacon based on the human mRNA for PNUTS:
PNUTS RNAi: CAGCUAAACUGGUGAAGCA or Nontargeting RNAi: siCONTROL non-
targeting siRNA #1 (Dharmacon) which has at least 4 mismatches with all known human,
mouse or rat genes which is sufficient to eliminate nonspecific silencing of genes with
similar sequences. Mouse specific interfering RNA was obtained from Santa Cruz
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Biotechnology for the homologous mouse mRNA PNUTS sequence (siRNA-SC61378)
which was used in MEF experiments. Transfection mixtures (containing final concentration
100nM of RNA) were added to the cells. Twenty four hours later cells were counted or
underwent apoptosis assays or were lysed for protein analysis. For drug treated cells,
Roscovitine (Calbiochem) was diluted in DMSO and cells were exposed to 25uM
Roscovitine for 8 hours. Control cells received DMSO alone.

Cell proliferation/Apoptosis assays
Cell viability was determined using the Quick Cell proliferation assay kit (Biovision) based
on the cleavage of the tetrazolium salt WST-1 to formazan. Percentage of viability was
determined by comparing the number of viable cells in treated cultures to the number of
viable cells in controls after subtraction of background values from each. The Cell Death
Detection ELISA (Roche) was performed as directed by the manufacturer. Briefly, 104 cells
from each condition were lysed and subjected to a slow spin centrifugation to pellet nuclei.
Extracts from the cytoplasmic fraction were used to detect fragmented DNA. For TUNEL
analysis cells were plated on chamber slides at a density of 5,000 cells/uL. Cells were fixed
in 4% para-formaldehyde for one hour at room temperature and the TUNEL assay was
carried out as per manufacturer’s instructions (Chemicon, ApopTag® Plus Fluorescein In
Situ Apoptosis Detection Kit). Results were analyzed by fluorescence microscopy using an
Olympus BX60 fluorescence microscope equipped with a monochrome digital acquisition
camera. Counts were obtained by counting on random fields and by scoring at least 500 cells
per experimental group.

Immunoblotting
SDS-PAGE and Western blotting was performed as previously described(13). In this study
we utilized the following primary antibodies: PNUTS (Transduction Laboratories); Rb-
phospho-780, Rb-phospho-795, Rb-phospho-807/811, cleaved PARP, BAD, MCL-1, BAK,
BID, Bcl-xL, Bcl-2(Cell Signaling Technology); Rb (G3-245), unphosphorylated Rb (608)
(Pharmingen), Rb-phospho-821 (Biosource), and β-Actin (Sigma).
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Figure 1. PNUTS knockdown increases the effect of Roscovitine on cell number in human cancer
cells
A. For combined treatments of Roscovitine (Rosc) and PNUTS RNAi, HCT116 cells
(p53+/+ or p53−/−) were treated with 25uM Rosc and eight hours later cells were transfected
with PNUTS RNAi as described in the Materials and Methods. Twenty four hours after
transfection cells were counted. For Rosc treatment alone, eight hours after addition of drug,
media was replaced and cells were incubated for 24 hours before counting was performed.
For PNUTS RNAi alone, cells were treated with control nontargeting RNAi (NT) or PNUTS
RNAi twenty four hours before cell counts were performed. Error bars represent standard
deviation of the mean of triplicate samples. Data shown is representative of three
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independent experiments. B. Cell lysates obtained from cell counting experiments were
subjected to immunoblotting. RNAi using a nontargeting control sequence (NT) or PNUTS
RNAi was utilized. PNUTS knockdown and equal loading were confirmed in p53−/− and
p53+/+ HCT116 cells by examining expression of PNUTS and β-actin, respectively. The
antibodies utilized are indicated to the right of the figure.
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Figure 2. PNUTS knockdown increases the apoptotic effect of Roscovitine in cancer cells
A. MCF7 cells were treated as control (DMSO or nontargeting RNA) or transfected with
PNUTS RNAi or treated with Rosc or these treatments were combined as described in figure
1. Analysis was performed by TUNEL assay as described in the Materials and Methods. The
amount of apoptosis detected in control cells (DMSO) was normalized to one. The graph
depicts the fold increase in degraded DNA observed in the cells under each condition. Error
bars represent standard deviation of the mean of triplicate samples and data shown is
representative of two independent experiments. B. PNUTS knockdown and equal loading
were confirmed in MCF7 cells by examining expression of PNUTS and β-actin,
respectively. The antibodies utilized are indicated to the right of the figure. C. Following
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treatment of p53−/− HCT116 cells as described in figure 1, apoptosis was measured by a Cell
Death Detection ELISA (Roche Diagnostics) which detects degraded DNA released from
the nucleus into the cytoplasm. The amount of apoptosis (degraded DNA) detected in
control DMSO treated cells was normalized to one. The graph depicts the fold increase in
degraded DNA observed due to PNUTS RNAi. Error bars represent standard deviation of
the mean of triplicate samples and data shown is representative of two independent
experiments.
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Figure 3. Apoptotic effect of PNUTS knockdown is dependent on E2F1
Wild type (WT), p53−/− and p53−/−E2F1−/− mouse embryonic fibroblasts (MEFS) were
transfected with nontargeting (control-CT) or PNUTS RNAi and 24 hours later apoptosis
was measured by TUNEL assay as described in the Materials and Methods. Error bars
represent standard deviation of the mean of triplicate samples and data shown is
representative of two independent experiments. Knockdown of PNUTS was verified by
immunoblotting cells treated with either control (CT) or PNUTS RNAi.
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Figure 4. Effect of PNUTS knockdown versus Roscovitine treatment on Rb phosphorylation
state
p53−/− HCT116 cells were treated with DMSO or Rosc for eight hours or with nontargeting
(NT) or PNUTS RNAi for twenty four hours followed by immunoblotting as described in
the Materials and Methods. The antibodies utilized are indicated to the right of the figure.
The antibodies to Rb amino acids 807/811, 780, 821, and 795 recognize the phosphorylated
sites of Rb. However, the antibody to Rb-608 recognizes the unphosphorylated form of 608.
Cleaved Parp is a marker of apoptosis (19). Total Rb expression is shown and PNUTS
knockdown and equal loading were confirmed by examining expression of PNUTS and β-
actin, respectively. Data shown is representative of two separate experiments.
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Figure 5. Effect of PNUTS knockdown versus Roscovitine treatment on apoptosis regulators
p53−/− HCT116 cells were treated with DMSO or Rosc for eight hours or with nontargeting
(NT) or PNUTS RNAi for twenty four hours followed by immunoblotting as described in
the Materials and Methods. PNUTS knockdown and equal loading were confirmed by
examining expression of PNUTS and β-actin, respectively. The antibodies utilized are
indicated to the right of the figure. Data shown is representative of two separate
experiments.
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