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The recent finding that the Retinoblastoma protein (Rb) is able to regulate apoptosis in a non-transcriptional manner
directly at the mitochondria by interaction with the pro-apoptotic protein Bax prompted this investigation of the
complex formed between Rb and Bax. Because the function of Rb in the cellular processes of proliferation, apoptosis,
senescence and differentiation is regulated by phosphorylation we endeavored to elucidate the phosphorylation status
of Rb with respect to its association with Bax and its role in apoptosis. In this study we found that Rb phosphorylated on
at least 4 C-terminal phosphorylation sites (S608, S795, S807/5811, and T821) is present at the mitochondria under non-
stressed cellular conditions. An in vitro binding assay showed that Bax binds to Rb phosphorylated at S807/5S811 in
3 cancer cell types. Physiologically relevant association between Bax and Rb phosphorylated on S807/S811 was
demonstrated by reciprocal co-immunoprecipitation experiments using antibodies specific for Rb phosphorylated on
$807/5811 and Bax. Mutant Rb proteins expressed in Rb-null C33A cells showed that phosphorylation of S807 of Rb
promotes association with Bax and that mimicking phosphorylation at S807 of Rb can block the induction of apoptosis
due to PNUTS downregulation. Finally using siRNA to activate phosphatase activity in MCF7 cells, Rb is
dephosphorylated at several sites including S807/5811, dissociates from Bax and apoptosis is triggered. These studies

show that phosphorylation of Rb regulates its association with Bax and its role in apoptosis.

Introduction

The Retinoblastoma (Rb) tumor suppressor protein is regu-
lated by phosphorylation and plays a role in several important
cellular processes such as proliferation, differentiation, senescence
and apoptosis.' It is known that alterations in the Rb pathway
consisting of cyclin dependent kinase 4/6, D-type cyclins, cdk
inhibitors, (such as p1 ), and Rb itself, that lead to excessive
phosphorylation of Rb  (hyperphosphorylation) have been
observed in almost all cancer types.”” Alterations that lead to
increased cdk activity toward Rb are more common than muta-
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tions to the Rb gene itself, a finding that has prompted investiga-
tions into the development of clinical treatments that inhibit the
activity of cdks toward Rb.*® Thus understanding the role of
specific phosphorylation sites of Rb is clinically relevant.

While the role of Rb in the control of proliferation is well
understood,” the role of Rb in apoptosis appears to depend on
cellular context and apoptotic stimulus. There is evidence to
suggest that hyperphosphorylated Rb protects cells from apo-
ptosis. Rb dephosphorylation has been widely observed during
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apoptosis.® " In various studies, the specific induction of Rb-
directed phosphatase activity has been shown to be required for
apoptosis to occur.'*”!
phorylation of Rb protects against apoptosis, and dephosphory-
lation of Rb is involved in triggering cell death. In addition, the

identification of specific amino acids of Rb that must be dephos-
15

* These studies suggest that hyperphos-

phorylated to allow apoptotic death supports this notion.
These studies further suggest that unphosphorylated Rb is
involved in triggering cell death. In fact, a phosphorylation site
mutated Rb protein (PSM-RB) which lacks 9 phosphorylation
sites (in the c-terminus) can stimulate the apoptotic response.'®
Because Rb in mammalian cells has 15 known phosphorylation
sites, the regulation of Rb function by phosphorylation is not
well understood and is likely to be highly complex. However,
from the available evidence, it seems likely that phosphorylation
at specific sites on Rb is required for the ability of Rb to regulate
apoptosis.

Rb binds to a large number of cellular proteins although the
functional significance of many of these interactions is
unknown.'” Various studies have shown that phosphorylation of
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Rb on certain amino acids is capable of regulating the interaction
with Rb binding proteins.'®**> One such interaction is the forma-
tion of the complex between hyperphosphorylated Rb and a pro-
apoptotic factor pp32 (ANP32A). Hyperphosphorylated Rb in
this context inhibits the apoptotic activity of pp32 and stimulates
proliferation through yet undefined mechanisms.* This study
further supports the notion that Rb phosphorylation status is
important for the regulation of apoptosis by Rb.

The role of Rb phosphorylation in apoptosis has been the focus
of our recent studies.'>"> Several studies have supported the idea
that Rb may act in a non-transcriptional manner to regulate cell
death. For example, the finding that Rb is localized to the mito-
chondria in non-stressed cells is suggestive of a extra-nuclear role
for Rb in tumor suppression.” The current study was initiated due
to the finding that Rb interacts directly with the Bax protein, a
pro-apoptotic member of the Bcl2 family.?® Bax is an essential reg-
ulator of mitochondrial apoptosis, as it is responsible for mitochon-
drial outer membrane permeabilization (MOMP), that occurs in
apoptosis.”” Subsequent release of cytochrome ¢ causes caspase
activation to accomplish cell death. In this study we sought to
determine the phosphorylation status of Rb when it associates with
the Bax protein. We report that Rb is phosphorylated on several C-
terminal sites at the mitochondria under non-apoptotic conditions
and that phosphorylation of Rb at S807 promotes the association
with Bax. Furthermore, in cells where S807 of Rb is dephosphory-
lated, Bax dissociates from Rb and apoptosis is stimulated.

Results

It was recently demonstrated that association of Rb with Bax
regulates apoptosis at the mitochondria.”® Our previous work
and other studies have shown that the modification of specific
phosphorylation sites of Rb play a role in regulating apopto-
sis.">" Thus we sought to evaluate the phosphorylation status of
Rb that is localized to the mitochondria. We subjected MCF7
breast cancer cells to subcellular fractionation using a Mitochon-
dria Isolation Kit and performed immunoblotting experiments
on equivalent amounts of protein from the combined cyto-
plasmic and nuclear fraction and compared this to cell lysates
from the mitochondrial fraction. As shown in Figure 1, accurate
cell fractionation was verified by immunoblotting with Actin
antibodies (cytoplasmic) and AIF and Bak (mitochondria-local-
ized proteins). Phosphorylation site specific antibodies were used
to show that cytoplasmic/nuclear fractions contained abundant
levels of Rb phosphorylated on T821, S807/S811, S795, and
S608, but also that strong signals were detected in mitochondrial
fractions, indicating that Rb phosphorylated on these specific sites
is found at the mitochondria in proliferating, non-stressed cells.

Next we performed Glutathione-S-Transferase (GST) fusion
binding assays (pull down) to investigate the phosphorylation
state of Rb when bound to Bax. Utilizing several Bcl2 family
member proteins fused to GST we show that in this assay, Rb in
MCEF7 cellular lysates specifically binds to Bax and not the
related proteins Bad, Bcl2, and Bid (Fig. 2A). Subsequently we
used 3 breast cancer cell types (MCF7, MDA-MB-231, and
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Figure 1. Phosphorylated Rb is localized to the mitochondria. Asynchro-
nously growing MCF7 breast cancer cells were fractionated using a Mito-
chondria Isolation kit (Thermo Scientific) according to the manufacturers
directions. Equal amounts of protein (15 j.g) taken from the cyto-
plasmic/nuclear fraction and mitochondrial fractions were subjected to
immunoblotting analysis as described in the Materials and Methods sec-
tion. Immunodetection of Actin was used as a marker of the cyto-
plasmic/nuclear fraction, and detection of AIF and Bak are shown as
mitochondrial localized proteins. Antibodies to total Rb and Rb phos-
phorylated at specific phosphorylation sites are listed to the right of the
figure. Data shown is representative of two independent experiments.

Hs578T) and performed pull-down assays using only GST-Bax.
Proteins associated with GST-Bax were analyzed by immunoblot-
ting with Rb phosphorylation site specific antibodies. As shown
in Figure 2B, the antibody recognizing phosphorylation of Rb at
S807/S811 recognizes Rb that associated with Bax in all 3 cell
types. Two additional Rb phosphorylation site specific antibodies
recognized Rb that associated with Bax (antibodies raised to Rb
phosphorylated on S608, and §795) although at much higher
exposures of the film (data not shown). Thus in further experi-
ments we focused our efforts on the significance of Rb phosphor-
ylation on S807/S811 with regard to the interaction with Bax.
The in vivo association of Rb phosphorylated on $807/5811
with Bax was further analyzed using co-immunoprecipitation. In
MCF?7 cells, immunoprecipitation experiments using Rb site spe-
cific phosphorylation antibodies S795 and S807/S811 show that
Bax associates with Rb phosphorylated on S807/S811 (Fig. 3A).
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Figure 2. Rb phosphorylated on $807/5811 binds to GST-Bax. GST fusion
proteins (Sigma) were used in pull down/binding assays performed as
previously described (38). (A) Pull down binding assays were performed
using 4 bcl2 family proteins individually fused to GST (GST-Bad, GST-Bax,
GST-bcl2, and GST-Bid). Two micrograms of fusion protein was incubated
with MCF7 cell lysates (500 ug) followed by analysis of GST-fusion pro-
tein associated proteins by immunoblotting with antibodies to Rb. (B)
Lysates from 3 cancer cell types (MCF7, MDA-MB-231, Hs578T) were uti-
lized in GST-Bax fusion protein binding assays followed by immunoblot-
ting with antibodies to Rb phosphorylated at $807/5S811. Data shown is
representative of three independent experiments.

Additional experiments using both MCF7 and Hs578T cells dem-
onstrate that Rb co-purified with Bax by co-immunoprecipitation
is phosphorylated at the S807/5811 site (Fig. 3B). As controls, Rb
immunoprecipitation is shown to also co-immunopurify Bax.
Thus in 2 cell types, Rb that associates with Bax is phosphorylated
on the S807 and/or S811 amino acid phosphorylation site.

Because the antibody used in the experiments up to this
point recognizes phosphorylation at either S807 or S811 or
both of the sites, we attempted to identify whether one or both
of the phosphorylation sites was responsible for regulating the
association of Rb with Bax using expression plasmids encoding
Rb mutant proteins. For these studies, C33A cervix carcinoma
cells that express a truncated unstable Rb protein were utilized.
We performed GST-Bax pull down experiments using lysates
that expressed wild type (WT), or alanine mutants S807A and
S811A of Rb and determined that while blocking phosphoryla-
tion of S807 inhibited the ability of Rb to bind to Bax, the ala-
nine mutant of S811 was fully capable of binding to Bax at an
affinity equivalent to that of WT Rb. (Fig. 4A). This suggests
that phosphorylation of S807 promotes or is required for Rb
binding to Bax. We next performed co-immunoprecipitation of
Rb with Bax antibodies using C33A cells expressing mutant
forms of the Rb protein. In these experiments we used both ala-
nine and glutamic acid mutants of the S807 phosphorylation
site of Rb. Whereas alanine blocks the phosphorylation of the
amino acid, glutamic acid substitution mimics phosphorylation
at the mutated amino acid. We show in Figure 4B that while
expression of Rb (WT, S807A, S807E) in cells is equivalent
(lower panel), association with Bax is blocked by the alanine
mutant and enhanced by the glutamic acid mutant compared
to the association of the WT control. These results show that
phosphorylation of S807 of Rb is important for association of
Rb with Bax.

Next we postulated that the change in Rb phosphorylation
observed during apoptosis might effect the association between
Bax and Rb. We have previously established that by activating
phosphatase activity toward Rb using siRNA mediated knock-
down of the PP1 regulator PNUTS (Phosphatase Nuclear Tar-
geting Subunit), Rb is dephosphorylated, and apoptosis is
triggered in transformed cells in a Rb-dependent manner.'>?®
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Figure 3. Association of Bax with Rb phosphorylated on $S807/5811. (A) MCF7 cell lysates (1 mg) were used in immunoprecipitations with antibodies to
Rb phosphorylated on S795 or S807/S811. Immunoprecipitates were analyzed by immunoblotting with antibodies to Rb or Bax. (B) MCF7 and Hs578T
cell lysates were used in Bax or Rb immunoprecipitation experiments, followed by immunoblotting analysis with antibodies to phosphorylated Rb
(S807/811) and Bax. Data shown is representative of three independent experiments.
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Figure 4. Rb phosphorylation at S807 is required for association with Bax. Rb mutant plasmids were generated as described in the Materials and Meth-
ods section. Rb-negative C33A cells were transfected using Fugene (Promega). (A) Rb plasmids expressing either S807A or S811A alanine mutants were
transfected into cells and 48 hours later cell lysates were utilized in GST-Bax fusion protein pull down assays. Proteins associated with GST-Bax were ana-
lyzed by immunoblotting with Rb antibodies. (B) Rb plasmids expressing either S807A or S807E mutants were transfected into C33A cells and 48 hours
later co-immunoprecipitation with Bax antibodies was performed. Immunoprecipitates were analyzed by immunoblotting with Rb and Bax antibodies.
Equivalent expression of the Rb mutant proteins in the C33A cells is verified by immunoblotting (lower panel). Data shown is representative of three

Here, in agreement with previous data, siRNA mediated knock-
down of PNUTS expression in MCF7 cells leads to a four-fold
increase in apoptosis, as measured by the Cell Death ELISA assay
and by the increase in the cleavage of PARP (Poly ADP ribose
polymerase) as detected by immunoblotting (Fig. 5A). Efficient
knockdown of PNUTS is verified by immunoblotting with
PNUTS and Actin antibodies. PNUTS knockdown induces
dephosphorylation of Rb at specific sites: $780, S795, and S807/
S811. The induction of apoptosis is accompanied by an increase
in the expression of Bax, in accordance with previous findings.””
However, although Bax expression is increased in apoptosis, its
association with Rb is disrupted as shown by co-immunoprecipi-
tation (Fig. 5A). These results further support the notion that
phosphorylation of S807 of Rb is required for association of Rb
with Bax. Finally to determine whether phosphorylation at S807
of Rb could effect apoptosis induction, we performed PNUTS
knockdown experiments in C33A cells in which WT Rb or the
S807E mutant of Rb was expressed. As shown in Figure 5B,
mimicking phosphorylation at S807 blocks apoptosis as mea-
sured by the Cell Death ELISA assay and by immunoblotting of
cleaved PARP. This result is consistent with the notion that Rb
phosphorylated on S807 blocks apoptosis induced by PNUTS
downregulation.
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Discussion

Apoptosis is a complex biological process in multicellular
organisms that eliminates damaged cells that would otherwise be
deleterious to the individual as a whole.”” Cancer cells often
develop mechanisms to evade apoptosis, leading to unchecked
proliferation of damaged or mutation-containing cells.”® In addi-
tion to its role in cell proliferation, Rb is important in apoptosis.
The function of Rb in apoptosis has been addressed in various
studies. A role for Rb in apoptosis was initially identified using
the Rb-null cell line, Saos-2. In these cells, overexpression of Rb
inhibits ionizing radiation-induced apoptosis.”’ Additional stud-
ies showed that Rb inhibits cell death by interaction with apopto-
sis-promoting molecules. The c-abl tyrosine kinase is activated by
DNA damage or Tumor Necrosis Factor—a (TNF-a) but inter-
action with Rb inhibits apoptosis.®* In addition, the c-Jun N ter-
minal kinase/stress-activated protein (JNK/SAPK) is involved in
UV radiation mediated cell death, however Rb association with
JNK/SAPK inhibits apoptosis.>

The phosphorylation status of Rb regulates its function.
Thus several studies have investigated the role of phosphory-
lation on the ability of Rb to regulate apoptosis. There is evi-
suggest that hyperphosphorylated Rb

dence to exerts
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Figure 5. Dephosphorylation of Rb on $807/5811 causes Bax dissociation and stimulates Apoptosis. Knockdown of PNUTS (Phosphatase Nuclear Target-
ing Subunit) was performed in MCF7 cells as described in the Materials and Methods section. (A) Cells were subjected to PNUTS knockdown (PNUTS) or
transfected with nontargeting RNA (NT) and 48 hours later apoptosis was measured using the 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 cells (NT) was nor-
malized to one. Graph depicts the fold increase in degraded DNA observed due to PNUTS knockdown. Error bars represent standard deviation of the
mean of triplicate samples and data shown is representative of three independent experiments. Apoptosis was also measured by immunoblot analysis
of the cleavage of Parp as an indicator of apoptosis. Inmunoblotting of Actin and PNUTS verify PNUTS knockdown. Co-immunoprecipitation experiment
results and immunoblotting with site-specific Rb phosphorylation antibodies are shown on the right panel. Data shown is representative of three inde-
pendent experiments. (B) C33A cells were transfected with WT or S807E Rb mutant expressing plasmids and 48 hours later PNUTS knockdown was per-
formed. Apoptosis was measured and quantified as described in (A). Error bars represent standard deviation of the mean of triplicate samples and data

shown is representative of three independent experiments.

protection against apoptotic cell death. First, sporadic cancers
that contain hyperphosphorylated Rb due to upregulation of
cdk activity in response to cyclin overexpression or cdki loss
are often resistant to apoptosis induced by chemotherapy or
radiation.*® In various cell types, dephosphorylation of Rb is
observed in apoptosis®'' and phosphatase activity has been
shown to be required for apoptosis to occur.'*'* Because Rb
can be phosphorylated on 15 amino acids, the regulation and
functions of each site have not yet been elucidated. Therefore
the data on the subject of how Rb phosphorylation regulates
apoptosis is still conflicting. In one study, Rb that could not
undergo phosphorylation due to mutation of all the phos-
phorylation sites (PSM-RB) could stimulate the apoptotic
response to TNFa in Rat-16 cells. However, in the same study,
PSM-RB inhibited apoptosis initiated by doxorubicin.'® Thus it
is clear that the role of Rb phosphorylation in apoptosis may
vary depending on the apoptotic stimulus.

Odur study focused on specific phosphorylation sites of Rb with
respect to the regulation of binding to Bax in apoptosis. The find-
ing that Rb residing at the mitochondria is phosphorylated on spe-
cific sites (T821, S807/S811, S795, and S608) is evidence that
phosphorylated Rb has non-nuclear functions in addition to its
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role in controlling proliferation. These particular phosphorylation
sites were chosen for analysis due to the availability of reliable spe-
cific antibodies that recognize phosphorylation of Rb at these sites,
and not that other phosphorylation sites are insignificant for the
regulation of Rb function at the mitochondria. In fact we predict
that as the ability to detect phosphorylation at additional sites
becomes available, our understanding of the contribution of mod-
ification at each site will greatly increase. Cancer cells have elevated
levels of phosphorylated Rb, and thus we were able to show that
Rb phosphorylated at S807/S811 associates with Bax in an in vitro
assay in 3 cell types, and by co-immunoprecipitation of endoge-
nous proteins in 2 cell types. As described in the Results section,
Rb phosphorylated on 2 additional sites (S608, S795) was found
to associate with Bax in the in vitro assay however at much lower
affinity. This observation shows that additional sites in addition to
S807/S811 may be phosphorylated when Rb associates with Bax.
This result is in agreement with the notion that phosphorylation
of S807/8811 acts as a priming mechanism to promote phosphor-
ylation of other sites of Rb.”” In studies of the structural changes
that occur due to phosphorylation of specific sites on Rb, it has
been shown that certain phosphorylation events exert diverse
effecs upon the global conformation of Rb. However,
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phosphorylation of Rb on $807/5811 has little effect on the struc-
ture of Rb, instead it regulates phosphorylation at other sites,
resulting in hyperphosphorylation. We next showed that blocking
phosphorylation of Rb at S807 specifically inhibits complex for-
mation with Bax. This finding is in agreement with previous stud-
ies that showed that phosphorylation at this site on Rb regulates
binding to other Rb interacting proteins such as E2F and the c-abl
tyrosine kinase.”>*' In these studies, association of E2F or c-abl
was inhibited by phosphorylation of Rb at S807, whereas in the
current study phosphorylation of the site appears to promote
binding to Bax. These differences are likely related to the differing
functions of each of these Rb binding partners. Our results show
that dephosphorylation of Rb on S807/S811 among other sites
causes dissociation of the Rb-Bax complex and a four-fold increase
in apoptosis. It may be that the specific collection of Rb sites that
become dephosphorylated due to the increase in phosphatase
activity utilized in our studies is required for and the signal to
induce apoptosis in cancer cells. It has been previously shown that
activation of phosphatase activity induces apoptosis, and that the
effect is dependent on Rb.***” Thus our study shows that in cells
where Rb is dephosphorylated, the apoptosis that ensues may be
due to loss of the Rb-Bax interaction that releases Bax to cause
MOMP. Finally mimicking phosphorylation at S807 is able to
block apoptosis due to PNUTS downregulation suggesting
dephosphorylation of Rb on certain sites such as S807 leads to Bax
dissociation which frees Bax to induce apoptosis.

A recent study clearly established that Rb regulates apopto-
sis by direct binding to pro-apoptotic Bax at the mitochon-
dria.”® The effect was verified to be independent of Rb
transcriptional regulation using a mutant Rb tagged to the
mitochondria. In addition, it was shown that phosphorylated
Rb could stimulate apoptosis, which is incongruous with the
conclusion of our present study. We believe this disparity in
findings may be due to 2 possibilities. First, the previous
study utilized mouse embryonic fibroblasts (MEFs) whereas
we performed our analysis of the role of Rb phosphorylation
in apoptosis using human breast cancer cells. Second, there
were differences in how Rb phosphorylation was manipulated
in the 2 studies. In Hilgendorf et al,*® Rb phosphorylation
was induced by siRNA mediated knockdown of p16, which
allows unrestrained cdk activity. However, in our study of the
effect Rb phosphorylation on apoptosis, we utilized a siRNA
method that activates PP1 phosphatase activity that causes
dephosphorylation of Rb. These 2 strategies may result in dif-
ferences in site-specific phosphorylation of Rb, which may
account for the disparate results. For example, in a previous
study, we found that cdk inhibition using Roscovitine targets
the S795 site of Rb, but not S807/5811 and S780, whereas
upregulation of phosphatase activity using PNUTS siRNA tar-
gets S807/S811 and S780 as well as S795 in the same cells.”®
The outcome of these studies supports the highly complex
nature of Rb regulation by phosphorylation. It could be envi-
sioned that once specific functions for each phosphorylation
site. of Rb are completely understood, targeted therapies

designed to activate the tumor suppressor function of Rb may
be developed.*”
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Materials and Methods

Cell culture

All cell lines utilized were obtained from ATCC unless other-
wise specified. Cell culture materials were obtained from Invitro-
gen unless otherwise indicated. MCF7 and C33A cells were
grown in Dulbecco’s modified Eagle’s media (DMEM), supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml Penicil-
lin, 100 pg/ml Streptomycin (Pen/Strep) and 2 mM glutamine.
Hs578T cells were grown in DMEM media with 10% FBS,
0.01 mg/ml Insulin and Pen/Strep. Cells were routinely main-
tained at 37°C in a humidified, 5% CO,-containing atmosphere
and were split 2-3 times weekly to maintain subconfluent cul-
tures. Cell fractionation experiments were performed according
to the manufacturers guidelines using the Mitochondria Isolation

kit (Thermo Scientific).

Transfections

The CMV/Rb plasmid was obtained from Addgene. It was
used to generate S/T to A or E mutations at the following amino
acid sites: S807, S811 (Genewiz, Inc.). Plasmids were introduced
into C33A cells using Fugene (Promega) performed according to
the manufacturer’s directions. Cells were harvested 48—72 h
post-transfection. All transfections were performed using 10 pg
of total DNA/60 mm dish. Expression of wild-type Rb and Rb
mutant proteins was routinely verified by immunoblotting.

Pull down assay, immunoprecipitation, immunoblotting

Pull down assays, Immunoprecipitations, and Immunoblot-
ting were performed as described elsewhere.'>?® In this study, we
utilized the following primary antibodies: Rb-phospho-821
(Pierce), Rb-phospho-780, Rb-phospho-608, Rb- phospho-795,
Rb-phospho-807/811, AIF, Bak, Bax, cleaved PARP, (Cell Sig-
naling Technology); or Rb (IF8, Santa Cruz Biotech); PNUTS
(Transduction Labs), B —Actin (Sigma).

siRNA and apoptosis assays

Knockdown of PNUTS by siRNA has been previously
described.'* Cells were treated with either Non-targeting RNA
or RNA targeting the PNUTS mRNA. The Cell Death Detec-
tion ELISA (Roche Diagnostics) was performed as directed by
the manufacturer. Briefly, 10* 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 frag-
mented DNA, which was measured on a BioRad microplate
reader, and experiments were conducted in triplicate.
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