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ABSTRACT
The tumor suppressor Retinoblastoma (Rb) protein is highly phosphorylated in cancer cells largely due to
the overexpression of cyclins or the loss of expression of cyclin dependent kinase inhibitors (cdki).
Hyperphosphorylation of Rb promotes proliferation, and plays a role in the regulation of apoptosis.
Recently, inhibition of cyclin dependent activity toward Rb has been identified as a strategy that has
shown clinical efficacy. We utilized a method to induce phosphatase activity toward Rb in cells by shRNA
silencing of PNUTS (Phosphatase Nuclear Targeting Subunit) that regulates PP1-mediated
dephosphorylation of Rb. In this study, the effect of Rb dephosphorylation on the epithelial to
mesenchymal transition (EMT) was determined. The EMT transition is observed in cancer cells that have
acquired invasive characteristics. In breast cancer cells grown in 3D Matrigel cultures, MCF7 cells undergo
apoptosis in response to Rb dephosphorylation, whereas MDA-MB-231 and Hs578T cells exhibit a
reduction in the EMT. Cells devoid of phosphorylated Rb (nontransformed MCF10A and Rb-null MDA-MB-
468) lacked any response to PNUTS depletion, showing the effect is Rb-dependent. In addition, these
studies showed that Rb dephosphorylation in 3D Matrigel cultures of highly invasive HT1080 cells led to
the inhibition of the EMT. Furthermore we observed association between dephosphorylated Rb with ZEB1,
a zinc-finger E-box-binding transcription factor that regulates expression of E- and N-cadherins. Finally Rb
dephosphorylation led to inhibition of ZEB1 transcriptional activity, this data supports the notion that Rb
dephosphorylation modulates the EMT. These studies suggest targeting Rb phosphorylation in
mesenchymal cancer cells may decrease invasiveness.
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Introduction

The Retinoblastoma (Rb) tumor suppressor protein is inacti-
vated by phosphorylation on several amino acid sites in many
human cancers.1 Cyclin dependent kinases (cdks) are primarily
responsible for phosphorylation of Rb that occurs in cells. It is
well established that alterations in the Rb pathway (consisting
of cdk4/6, D-type cyclins, the cdk inhibitor p16ink4a, and Rb
itself) that lead to excessive phosphorylation of Rb have been
observed in most cancer types.2,3 Because mutations that lead
to increased cdk activity toward Rb are more common than
mutations to the Rb gene itself, inhibitors of cdks that target Rb
phosphorylation are in clinical development.4 Thus Rb phos-
phorylation is a clear target of cancer treatment and under-
standing the regulation of the Rb tumor suppressor by
phosphorylation is of paramount significance in cancer.

The mechanism by which hyperphosphorylation of Rb pro-
motes proliferation has been extensively studied. Unphos-
phorylated Rb suppresses proliferation by interaction with and
inhibition of the E2F transcription factor that stimulates
expression of genes required for S phase.5 Phosphorylation of
Rb by cdks at the G1/S phase transition in response to prolifer-
ative signals leads to the release of the E2F that stimulates cell
cycle progression.6 The cell cycle regulatory function of Rb is

restored in late M phase when Protein Phosphatase 1 (PP1)
dephosphorylates Rb.7,8

In addition to its role in cell proliferation, recent evidence
suggests that phosphorylated Rb may protect cells from cell
death. Rb dephosphorylation has been widely observed during
apoptosis.9-12 In fact, the specific induction of Rb-directed phos-
phatase activity has been shown to be required for apoptosis to
occur.13,14 It is likely that specific phosphorylation sites of Rb
regulate apoptosis. For example, phosphorylation of specific sites
such as Threonine-821 of Rb blocks the induction of apoptosis
induced by UV radiation or the cdk inhibitor, Roscovitine.15 In
addition, phosphorylation of Serine-807 of Rb promotes interac-
tion with Bax, and inhibits apoptosis.16 Thus these studies sug-
gest that Rb phosphorylation regulates cell death.

Cellular transition from the expression of epithelial to
mesenchymal characteristics (EMT) is a process that occurs in
embryonic development. In tumorigenesis, the EMT is associ-
ated with the development of invasive and metastatic capac-
ity.17 A role for Rb in the regulation of the EMT has recently
been proposed.18 In breast cancer cells, it was demonstrated
that Rb depletion promotes a mesenchymal-like morphology
with an invasive phenotype.19 Furthermore, experiments using
mouse embryonic fibroblasts (MEFS) that lack Rb (and related
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family members p107 and p130) demonstrated that Rb loss
promotes the EMT.20,21

Our previous studies have focused on the regulation of Rb
phosphorylation by the phosphatase, PP1.13,23 Recently the
idea has surfaced that phosphatases are rational targets in can-
cer.24 We have developed an alternate approach that targets Rb
hyperphosphorylation in cancer cells. Specificity toward sub-
strates is imparted onto PP1 by many different interacting pro-
teins.25,26 In proliferating cells, PP1 is associated with a
regulatory protein called PNUTS (Phosphatase Nuclear Target-
ing Subunit).27,28 Our previous experiments have shown that
PNUTS inhibits PP1 activity toward Rb phosphorylation
sites.29,30 Recently it was demonstrated that PNUTS blocks Rb
binding to PP1, and therefore it was concluded that the
PNUTS:PP1 complex is a cancer drug target.31 PNUTS dissoci-
ation from PP1, which permits Rb dephosphorylation, occurs
due to changes in PKA mediated phosphorylation of PNUTS.32

We have found that siRNA mediated knockdown of PNUTS in
breast, ovarian and colon cancer cell types leads to an increase
in PP1 phosphatase activity toward Rb, Rb dephosphorylation
on several sites, and a dramatic induction of apoptosis.13

In the current study our aim was to investigate the effect of
Rb dephosphorylation in breast cancer cells grown in 3-dimen-
sional (3D) structures reminiscent of in vivo tumor structure.
Previous studies utilizing traditional 2-dimensional (2D) cell
culture has provided a starting point for the understanding of
pathways involved in carcinogenesis. However, more

physiologically relevant data can be obtained using cells grown
in 3D cell culture. In 3D epithelial culture, cells organize into
structures that resemble the in vivo tissue.33,34 Nonmalignant
breast epithelial cells grown on lrECM (laminin rich extracellu-
lar matrix) will form hollow spherical monolayers termed
“acini” that resemble physiological structures while mammary
tumor cells proliferate into disorganized masses.35 In this study,
utilizing shRNA mediated knockdown of PNUTS to dephos-
phorylate Rb in breast cancer cells, we found the response was
dependent on breast cancer cell type, and the results revealed a
new role for Rb phosphorylation in the control of cancer cell
EMT. In addition, we demonstrate that unphosphorylated Rb
forms a complex with the transcription factor ZEB1, an impor-
tant regulator of the EMT.

Results

Based upon our previous studies that showed targeting Rb
phosphorylation in breast, colon and ovarian cancer cells led to
an increase in apoptosis,13,23 in this study we sought to deter-
mine the effect of Rb dephosphorylation in breast cancer cells
grown in 3D spheroids which more closely recapitulate the
physiological structure of tumors. We utilized well-established
methods of 3D Matrigel culture34,35 followed by immunofluo-
rescence to show that phosphorylation of Rb is readily detected
in 3D spheroids of MCF7 cancer cells but is absent in non-
transformed MCF10A breast epithelial cells (Fig. 1A), similar

Figure 1. (A) Non-transformed MCF10A breast epithelial cells (left) and MCF7 breast cancer cells (right) were grown in Matrigel using published methods.34 After 10–12 d
in culture, spheroids were analyzed using phosphospecific antibodies to Rb (Ser807/811) according to immunofluorescence protocols (Cell Signaling Technology). Green
fluorescence shows phosphorylated Rb. Scale bar, 500 mm. (B) MCF7 cells expressing Dox-inducible PNUTS shRNA were grown in Matrigel cultures for approximately
12 days, C/¡Dox stimulation. Cell number experiments were performed by the CellTiter-Glo 3D assay (Promega) with n D 12. Error bars represent standard deviation of
the mean and data shown is representative of 5 independent experiments. Cellular protein was obtained from Matrigel cultures by Cell Recovery Solution (Corning).
Phospho-Rb and unphospho-Rb are separated by differential migration on SDS-PAGE and are indicated by arrows. Cleaved Parp and Rb phosphorylated at S807/811 is
shown. Equal protein loading is shown by Actin immunoblotting. (C) TUNEL assays (Roche) were performed using MCF7 cells grown in Matrigel 3D cell culture expressing
NT (nontargeting) or PNUTS shRNA. Dox stimulation is indicated. Data shown is representative of 3 independent experiments.
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to the situation in vivo. In order to activate phosphatase toward
Rb in cells grown in 3D tumor spheroids in Matrigel, we gener-
ated cell lines expressing doxycyline-inducible lentiviral
shRNA. For each cell type, viral transduction of both PNUTS
shRNA and nontargeting shRNA was achieved. Experiments
were performed in the presence or absence of Doxycyline
(100ng/ml) stimulation, on cells infected with virus expressing
either nontargeting (NT) or PNUTS shRNA. In MCF7 breast
cancer cells, which are classified as luminal, we found PNUTS
depletion caused a marked drop in cell number, likely due to
an increase in apoptosis which was detected by TUNEL assays
and by immunoblotting with antibodies to cleaved PARP
(Fig. 1B and 1C). In addition, immunoblotting revealed that
expression of PNUTS is reduced using this method and that Rb
is dephosphorylated (loss of upper, slowly migrating band). In
all experiments in this study, doxycycline addition to cells
expressing nontargeting shRNA had no effect (data not
shown). This induction of apoptosis is comparable to our previ-
ous observations using MCF7 cells grown in 2D cell culture.13

Experiments were then carried out using non-transformed
MCF10A breast cancer cells grown in 3D cell culture. Because
these cells do not contain hyperphosphorylated Rb like that
found in cancer cells (Fig. 1A), the prediction is that PNUTS
knockdown would have little effect. As shown in Fig. 2A, cell
number is unaffected in MCF10A cells by targeting Rb by
PNUTS depletion. Examination of the cell morphology of
MCF10A cells grown in 3D culture shows that PNUTS deple-
tion has little effect (Fig. 2B). These results suggest that the
effect of PNUTS knockdown in 3D culture of breast epithelial
cells is dependent on the presence of phosphorylated Rb. In
another set of control experiments, we utilized the Rb-null
breast cancer cell type MDA-MB-468. This cell line is consid-
ered invasive.37 In Fig. 3A we show that it is deficient in Rb
phosphorylation and Rb expression. As revealed for MCF10A
cells, this cell type devoid of phosphorylated Rb is unaffected
by reduced expression of PNUTS (Fig. 3B, 3C).

Finally in the invasive, Rb-positive breast cancer cell line
MDA-MB-231 grown in 3D cell culture, PNUTS knockdown
had an interesting effect. Although there was no decrease in
cell number resulting from activation of Rb phosphatase as
found in MCF7 cells, (data not shown) we observed a marked
change in morphology in the cells from a stellate invasive mor-
phology to a more rounded, less invasive appearance (Fig. 4A).
In addition, immunoblotting showed dephosphorylation of Rb
in response to PNUTS depletion, and changes in the expression
of molecules involved in the epithelial-mesenchymal transition
(EMT). In response to Rb dephosphorylation, cells exhibited
reduced expression of the mesenchymal marker N-cadherin,
with a concomitant increase the expression of the epithelial cell
marker E-cadherin. Such a change in expression from mesen-
chymal to epithelial markers is associated with a decrease in
invasive properties.38 We performed additional experiments
using invasive Hs578T breast cancer cells grown in 3D cell cul-
ture. As we described for MDA-MB-231 cells, we observed no
change in cell number due to PNUTS depletion in the Hs578T
cells, however we did observe a change in morphology from an
invasive to less invasive appearance (Fig. 4B). In addition, using
these cells in 2D culture, immunoblotting revealed a decrease in
expression of the mesenchymal marker N-cadherin in response
to PNUTS depletion (Fig. 4C).

To determine whether targeting Rb phosphorylation by
PNUTS depletion may effect the EMT of other cancer cell
types, we utilized highly invasive HT1080 fibrosarcoma cells in
subsequent experiments.39 These cells contain highly phos-
phorylated Rb (Fig. 5A) and in 3D cell culture exhibit an inva-
sive appearance (Fig. 5B). PNUTS depletion was performed in
cells grown in 3D cell culture using doxycycline-inducible
shRNA as described for the breast cancer cell types above. Cell
number was unaffected by PNUTS depletion in HT1080 cells
(data not shown). However, dephosphorylation of Rb in these
cells reduced the invasive appearance of these cells (Fig. 5B).
Finally, a decrease in N-cadherin expression is observed in

Figure 2. (A) MCF10A cells expressing Dox-inducible PNUTS shRNA were grown in 3D cultures for 12 days, C/¡ Dox, followed by immunoblotting for PNUTS and Actin.
Cell number was determined by the CellTiter-Glo 3D assay (Promega). ST (1mM Staurosporine, 24 hr) was used as a positive control for cell death. Error bars represent
standard deviation of the mean of n D 10 and the data shown is representative of 3 independent experiments. (B) Images of MCF10A cells grown in Matrigel 3D cell
culture C/¡ Dox stimulation show cell morphology. Scale bar, 200mm.
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Figure 3. (A) Immunoblotting with Rb antibodies was performed on lysates from MCF7, MDA-MB-231, and MDA-MB-468 cell lines. Phosphospecific antibodies to Rb on
S795 and S807/811 are indicated. Actin immunoblotting is shown as a loading control. (B) MDA-MB-468 cells expressing Dox-inducible PNUTS shRNA were grown in 3D
cultures for 12 days, C/¡ Dox, followed by immunoblotting for PNUTS and Actin. Cell number was determined by the CellTiter-Glo 3D assay (Promega). ST (1mM Stauro-
sporine, 24 hr) was used as a positive control for cell death. Error bars represent standard deviation of the mean of n D 10 and the data shown is representative of 3 inde-
pendent experiments. (C) Images of MDA-MB-468 cells grown in Matrigel 3D cell culture C/¡ Dox stimulation show cell morphology. Scale bar, 200mm.

Figure 4. (A) MDA-MB-231 cells expressing Dox-inducible PNUTS shRNA were grown in 3D cultures for 12 days, C/¡ Dox, followed by immunoblotting for PNUTS, Actin,
E- and N-cadherin. Phospho-Rb and unphospho-Rb are separated by differential migration on SDS-PAGE and are indicated by arrows. Images are shown of cells C/¡ Dox
stimulation. Scale bar, 200mm. (B) Hs578T cells were grown and treated as in A. (C) Hs578T cells grown in 2D cell culture were subjected to PNUTS depletion13 and immu-
noblotting was performed. The data shown is representative of 2 independent experiments.
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HT1080 cells grown in 2D cell culture in response to PNUTS
depletion (Fig. 5C).

The phosphorylation state of Rb regulates its association
with several cellular proteins including the transcription
factor E2F.5 Because targeting Rb phosphorylation by
PNUTS depletion in the current study led to an increase in
E-cadherin expression and a decrease in N-cadherin expres-
sion in the mesenchymal cell types, we sought to determine
whether transcription factors that regulate the EMT could
associate with Rb. First using mesenchymal MDA-MB-231
cells, we performed pull-down assays with GST-Rb fusion
proteins and found that ZEB1, a zinc-finger E-box-binding
transcription factor that regulates E- and N-cadherin expres-
sion, could bind to Rb (Fig. 6A). To detect endogenous
complex formation between Rb and ZEB1 we utilized co-
immunoprecipitation. We detected a complex between ZEB1
and dephosphorylated Rb in MDA-MB-231 cells subjected
to PNUTS depletion (Fig. 6B). This result demonstrates that
unphosphorylated Rb binds to ZEB1 and may regulate ZEB1
transcriptional activity. To explore this possibility we utilized
reporter assays to measure transcriptional regulation of
E-cadherin, which is repressed by ZEB1.40 Results of these
experiments show an increase in E-cadherin promoter
activity, due to the inhibition of ZEB1 in cells that contain
dephosphorylated Rb (Fig. 7). In summary these data are
consistent with a model in which dephosphorylation of Rb
in response to PNUTS depletion leads to complex formation
between Rb and ZEB1, inhibition of ZEB1 transcriptional
repressor activity of E-cadherin, and an increase in E-
cadherin expression that inhibits the EMT transition. Hyper-
phosphorylation of Rb widely observed in cancer cells would
likely promote Rb-ZEB1 dissociation, and lead to stimulation
of the EMT and invasion.

Discussion

Use of the 3D cell culture model may be predicted to yield rele-
vant information regarding the true physiology of invasive
tumors. This is the first study directly addressing the effect of
Rb dephosphorylation on cancer cells grown in 3D cell culture.
The data presented here suggests that targeting Rb phosphory-
lation in malignant cancer is a rational strategy to block inva-
siveness. The epithelial-mesenchymal transition (EMT) occurs
when epithelial cells gain the ability to spread from the original
tumor tissue via the expression of the mesenchymal genetic
program. Cancer cells engage the EMT to promote invasiveness
and metastasis.41 An important role for the tumor suppressor
protein, Rb, in regulating the EMT in breast cancer was previ-
ously revealed using Rb and Zeb depletion experiments.18,19 In
fact, it was shown that Rb and ZEB1 cooperate to promote
tumor progression and invasion in the transformation of
mouse embryonic fibroblasts by Ras.20,21 These previous studies
utilized Rb knockout models to elucidate a role for Rb in the
regulation of invasion. In the current study we focus on modu-
lating the phosphorylation state of Rb to examine the effect of
Rb activation in cancer cells. We compared the effect of Rb acti-
vation by driving its dephosphorylation, in breast cancer cells
that are classified as epithelial (MCF7) or mesenchymal
(MDA-MB-231 and Hs578T). Previous studies showed that
depletion of the PP1 regulator PNUTS was a reliable method to
target Rb phosphorylation in cells. PNUTS depletion increased
PP1 activity toward Rb, Rb dephosphorylation and apoptosis in
breast, colon and ovarian cancer cells grown in 2D culture.13,23

Here we utilized Matrigel 3D culture of cells to more closely
recapitulate the physiology of a breast cancer tumor. In epithe-
lial MCF7 cells, we found Rb dephosphorylation in cells grown
in 3D caused the induction of apoptosis that was comparable

Figure 5. (A) Rb phosphorylation was assessed by immunoblotting in HT1080, MCF7, MDA-MB-231 and Hs578T cells. Phospho-Rb and unphospho-Rb are separated by
differential migration on SDS-PAGE. (B) HT1080 cells expressing Dox-inducible PNUTS shRNA were grown in 3D cultures for 12 days, C/¡ Dox, followed by immunoblot-
ting for PNUTS, Actin, and phospho-Rb and unphospho-Rb (indicated by arrows). Images are shown of cells C/¡ Dox stimulation. Scale bar, 200mm. (C) HT1080 cells
grown in 2D cell culture were subjected to PNUTS depletion and immunoblotting was performed. The data shown is representative of 2 independent experiments.
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to that observed in cells grown in 2D culture. However, using
mesenchymal cell types (MDA-MB-231 and Hs578T) we found
no effect on cell number due to Rb dephosphorylation, but a
striking change in cellular morphology that occurred

concomitant with changes in the expression of regulators of the
EMT. These cell types are also classified as triple-negative
(TNBC) due to the lack of expression of ER, PR, or HER-2/Neu
amplification and represent the disease found in 10–15% of
patients.42 These breast cancers are difficult to treat with agents
that inhibit proliferation, our results here suggest that targeting
invasiveness may be a clinically relevant approach in TNBC.

To demonstrate that the effect of PNUTS depletion on
breast cancer cells grown in 3D cell culture was dependent
upon modulation of the phosphorylation state of Rb, we uti-
lized non-transformed breast epithelial cells (MCF10A) that
have minimal phosphorylation of Rb in addition to Rb-negative
MDA-MB-468 breast cancer cells (classified as TNBC). In both
of these control experiments, PNUTS depletion had no effect
on cell number or on the appearance of the cells. We found a
similar dependence on Rb phosphorylation in our previous
studies utilizing 2D cell cultures. In Rb-negative Saos-2 cells
and nontransformed MCF10A breast epithelial and CCD-18Co
colon epithelial cells PNUTS depletion had no effect on cell
number and did not cause apoptosis.13 Another study showed
that cell death induced by PNUTS depletion involved the
PTEN tumor suppressor.43 However, as shown here and in our
previous studies the ability of PNUTS depletion to effect cell
number and/or induce cell death was shown to be dependent
on Rb expression/phosphorylation. In addition, when compar-
ing the 3 TNBC cell lines utilized in this study, in those that
contain phosphorylated Rb (MDA-MB-231 and Hs578T) the
EMT of the cells was affected, however in the Rb-negative
MDA-MB-468 cells the EMT was unaffected.

Figure 7. Reporter assays were performed using either WT or mutant E-cadherin
promoter driven firefly luciferase expression constructs. proE-cad178-Luc (WT) con-
tains the minimal region of the promoter required to exhibit activity and proE-
cad178-Luc-mEbox (MUT) contains point mutations that abrogate promoter activ-
ity.40 MDA-MB-231 cells were transfected with firefly luciferase constructs and
Renilla luciferase as an internal vector control. Two days later cells were subjected
to PNUTS depletion using PNUTS or NT (nontargeting) siRNA. Relative firefly/
Renilla Luciferase activity was measured using the Dual Luciferase assay (Prom-
ega). Activity at the WT cadherin promoter in cells transfected with nontargeting
siRNA was normalized to one. Experiment shown is representative of 5 indepen-
dent experiments with n D 4. Error bars represent standard deviation of the mean.

Figure 6. (A) Pull down assays were performed with GST alone or GST fused to full length Rb (GST-RB) as described previously.48 MDA-MB-231 cell lysate (500mg) was
incubated with GST or GST-RB for 2 hours and associated proteins were collected using GST-sepharose. Immunoblotting with ZEB1 antibodies is shown. Data shown is
representative of 3 separate experiments. (B) MDA-MB-231 cells were grown in 2D cell culture and subjected to PNUTS depletion. Co-immunoprecipitation was performed
using ZEB1 antibodies using cells subjected to NT (nontargeting) siRNA or PNUTS siRNA followed by immunoblotting with antibodies to PNUTS, ZEB1 and Actin. Phospho-
Rb and unphospho-Rb are separated by differential migration on SDS-PAGE and are indicated. Data shown is representative of 2 independent experiments.
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To determine whether the effect of Rb dephosphorylation on
the EMT may be operative in other types of invasive cancer
cells, we utilized HT1080 fibrosarcoma cells that are classified
as mesenchymal.39 Interestingly, we found these cells contain
highly phosphorylated Rb which corroborates the finding that
highly phosphorylated Rb is expressed in invasive projections
of malignant melanoma.22 In these cells, we found that PNUTS
depletion causes Rb dephosphorylation, a decrease in the mes-
enchymal marker N-cadherin, and a dramatic loss of invasive
projections in cells grown in 3D cell culture.

Rb phosphorylation regulates its ability to bind with many
cellular proteins.44 The most well studied example is that of Rb
association with the E2F family of transcription factors that
regulates proliferation at the G1-S transition.1 Dephosphory-
lated Rb (in early G1 phase) associates with and inhibits E2F S
phase promoting gene expression. In late G1 phase, Rb phos-
phorylation promotes the release of E2F to allow transcription
of genes required for progression into S phase. In this study,
using PNUTS depletion to induce Rb dephosphorylation led to
changes in the expression of the cadherins. Specifically, Rb
dephosphorylation caused a decrease in expression of the mes-
enchymal marker N-cadherin and an increase in the expression
of the epithelial marker E-cadherin, therefore we investigated
the possibility that EMT transcription factors involved in regu-
lating E- and N-cadherin expression, (Snail, Twist or ZEB1),
may mediate the effect of Rb dephosphorylation on invasive-
ness in these cells.38 To do this we performed Rb binding assays
and found that bacterially expressed (unphosphorylated) GST-
Rb specifically bound to ZEB1 in cell lysates obtained from
MDA-MB-231 cells. Furthermore by co-immunoprecipitation
we confirmed endogenous complex formation between dephos-
phorylated Rb and ZEB1 in cells in which PNUTS was
depleted. To our knowledge, these data are the first to demon-
strate in vivo association of Rb with the transcription factor
ZEB1. In response to Rb dephosphorylation, Zeb expression
remained constant, only association of with Rb is facilitated. To
determine whether Rb dephosphorylation could effect tran-
scription of genes that regulate the EMT, we utilized reporter
assays. These experiments support the concept that dephos-
phorylation of Rb in cancer cells causes association between Rb
and ZEB1, leading to inhibition of ZEB1 transcriptional
activity.

Recently, targeting Rb phosphorylation with the use of cdk
inhibitors in the clinical setting has intensified.45 The cdk4
inhibitor Palpociclib has shown efficacy in breast cancer treat-
ment via its effect on Rb phosphorylation.46,47 Our experiments
target Rb phosphorylation not by inhibiting kinase activity
toward Rb, but by activating phosphatase activity toward Rb.
Activation of PP1 activity toward Rb by PNUTS depletion
affects cells in a different way than cdk inhibition. For example,
preclinical investigation of Palpociclib on 47 breast cancer cell
lines grown in 2D cell culture showed a cytostatic effect on pro-
liferation due to Rb dephosphorylation, but no induction of
apoptosis.47 Interestingly, our experiments show that treatment
of MDA-MB-231 cells grown in 3D culture with Palpociclib
did not affect cell number or invasion (data not shown). In con-
trast, in several types of cancer cells, PNUTS depletion causes
apoptosis, in only those cells that contain phosphorylated Rb.13

One plausible explanation to reconcile these findings is that

cdk inhibition and PP1 activation target different Rb phosphor-
ylation sites. Dephosphorylation of a subset of Rb phosphoryla-
tion sites may likely be required to trigger proliferation arrest
versus apoptosis. Furthermore, the current study reveals an
additional role of Rb phosphorylation in the regulation of can-
cer cell invasion. It is likely that dephosphorylation of specific
sites of Rb regulate association with ZEB1 and subsequently the
EMT. Elucidation of the exact Rb phosphorylation sites
involved in the processes of proliferation, apoptosis and the
EMT must wait further investigation.

Materials and methods

Cell culture

All cell lines utilized were obtained from ATCC and utilized
within 4 months of receipt. Cell culture materials were obtained
from Invitrogen unless otherwise indicated. MCF7, MDA-MB-
231, MDA-MB-468 and HT1080 cells were grown in Dulbec-
co’s modified Eagle’s media (DMEM), supplemented with 10%
fetal bovine serum (FBS), 100 U/ml Penicillin, 100 mg/ml
Streptomycin (Pen/Strep) and 2mM glutamine. Hs578T cells
were grown in DMEM media with 10% FBS, 0.01mg/ml Insulin
and Pen/Strep. MCF10A cells were maintained in DMEM/F12,
5%HS, 20ng/ml EGF, 0.5mg/ml Hydrocortisone, 100ng/ml
cholera toxin, 10mg/ml Insulin and Pen/Strep. Cells were rou-
tinely maintained at 37�C in a humidified, 5% CO2-containing
atmosphere and were split 2–3 times weekly to maintain sub-
confluent cultures. Matrigel 3D cultures were generated accord-
ing to published methods.34,36 Lentiviral Doxycycline-inducible
shRNAs (Dharmacon) included the PNUTS target sequence:
GAGTCGATGCACTTACTTG or nontargeting control
sequences. Inducible vectors were transduced into each cell
type and stable cell populations were generated by puromycin
selection. Appropriate doxycycline concentration for shRNA
expression was determined for each cell type and 100ng/ml was
routinely used, given to cultures at 3 day intervals for 10–12 d.
For all cell types experiments were conducted with cells stably
transfected with nontargeting control sequences C/¡ Dox,
which caused no effect on the cells. To guarantee rigor in these
experiments, MCF7 cells expressing lentiviral PNUTS shRNA
were generated twice, in newly purchased cells from ATCC
each time. The results from replicate experiments were identi-
cal, conducted 6 months apart.

TUNEL, cell proliferation, reporter assays

For TUNEL assays, 3D cell cultures were grown for 12 d in
Matrigel and treated C/¡Dox. On day 12, cells were fixed with
4% PFA and washed 3x with PBS. Cells were permeabilized
with 1% Triton-X solution and washed 3x with 1X PBS.
TUNEL assay was conducted as instructed in the Roche In Situ
Cell Death Detection, Fluorescein Kit protocol and incubated
at 37� C for 1 hour in the dark. This was followed by 3 washes
with 1X PBS and staining overnight with Cell Signaling Tech-
nology Prolong Gold Antifade with DAPI. Confocal micros-
copy imaging was performed the following day. Cell
proliferation was measured in Matrigel 3D cultures using Cell
Titer Glo-3D assay (Promega). Reporter assays were performed
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using MDA-MB-231 cells transfected using Fugene (Promega)
according to the manufacturer’s directions. All transfections
were performed using 10 mg of total DNA/60 mm dish. The
proE-cad178-Luc and proE-cad178-Luc-mEbox plasmids were
gifts from Kumiko UiTei (Addgene plasmids 42081 and 42082).

Microscopy

Immunofluorescence was performed according to protocols
from Cell Signaling Technology using antibodies to phospho-
Rb 807/811. Microscopy was performed utilizing a Zeiss LSM
700 confocal microscope.

PNUTS depletion, immunoblotting, pull down assay, and
immunoprecipitation

PNUTS knockdown in 2D cultures and immunoblotting was
performed as described.13 Pull down assays were performed
using GST or GST fused to full length Rb as described.48 In this
study, we utilized the following primary antibodies: Rb (IF8,
Santa Cruz Biotech) Phospho-Rb 807/811, Phospho-Rb 795,
cleaved PARP, N-cadherin, E-cadherin, and ZEB1 (Cell signal-
ing Technology), PNUTS (BD Bioscience) bActin (Sigma).
Immunoblotting of lysates from cells grown in Matrigel was
performed using Cell Recovery Solution (Corning) according
to the manufacturer’s directions.
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