
Functional inactivation of Rb sensitizes cancer cells to TSC2
inactivation induced cell Death

Arpad M. Danos, Yang Liao, Xuan Li, and Wei Du
Ben May Department for Cancer Research, The University of Chicago, Chicago, IL 60637

Abstract
We showed previously that inactivation of TSC2 induces death in cancer cells lacking the
Retinoblastoma (Rb) tumor suppressor under stress conditions, suggesting that inactivation of
TSC2 can potentially be used as an approach to specifically kill cancers that have lost WT Rb. As
Rb is often inactivated in cancers by overexpression of cyclin D1, loss of p16ink4a cdk inhibitor, or
expression of viral oncoproteins, it will be interesting to determine if such functional inactivation
of Rb would similarly sensitize cancer cells to TSC2 inactivation induced cell death. In addition,
many cancers lack functional Pten, resulting in increased PI3K/Akt signaling that has been shown
to modulate E2F-induced cell death. Therefore it will be interesting to test whether loss of Pten
will affect TSC2 inactivation induced killing of Rb mutant cancer cells. Here, we show that
overexpression of Cyclin D1 or the viral oncogene E1a sensitizes cancer cells to TSC2
knockdown induced cell death and growth inhibition. On the other hand, knockdown of p16ink4a

sensitizes cancer cells to TSC2 knockdown induced cell death in a manner that is likely dependant
on serum induction of Cyclin D1 to inactivate the Rb function. Additionally, we demonstrate that
loss of Pten does not interfere with TSC2 knockdown induced cell death in Rb mutant cancer
cells. Together, these results suggest that TSC2 is potentially a useful target for a large spectrum
of cancer types with an inactivated Rb pathway.
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1. Introduction
The Retinoblastoma protein pRb functions by binding to the E2F family of transcription
factors and regulates the expression of diverse cellular targets including genes involved in
cell cycle regulation, DNA replication, DNA repair, cell cycle checkpoint, apoptosis and
differentiation [1; 2]. pRb is targeted for inactivation in a large majority of human cancers.
Therefore approaches that can specifically target the loss of Rb function can potentially be
used in the treatment of a large majority of human cancers.
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In an unbiased genetic screen in Drosophila, we found that inactivation of TSC2 and Rb
show synthetic lethality in developing Drosophila tissues. TSC2 functions in complex with
TSC1, and negatively regulates the Rheb/mTOR pathway and cell growth [3]. Interestingly,
we found that knockdown of TSC2 significantly induces cell lethality in human cancer cells
when pRb is inactivated by mutation or shRNA-mediated knockdown [4]. These
observations raise the possibility that inactivation of TSC2 function can potentially be used
to specifically target cancers with loss of Rb function either by mutation or by loss of
expression [5].

In addition to mutation or loss of expression, pRb is found to be inactivated in cancers by a
variety of mechanisms. Amplification or overexpression of cyclin D1 has been observed in
cancers [6], which activates cyclin dependant kinases and causes functional inactivation of
Rb. Similarly, loss of the cdk inhibitor p16ink4a leads to Rb inactivation due to deregulated
cyclin D/cdk4 activity. Importantly, loss of p16ink4a, and overexpression of cyclin D1 are
linked to a poor prognosis in cancer treatment [7; 8]. In addition to alterations in the status
of Rb regulators, cellular expression of viral oncogenes such as adenovirus E1a, SV40 large
T, and HPV E7 [9; 10] can inactivate Rb through direct binding [11]. Therefore, it is of
interest to know if inactivation of TSC2 can also be used to specifically kill cancer cells with
these different forms of Rb pathway inactivation.

Rb/E2F-induced cell death is modulated by other regulators and signaling pathways such as
the growth factor-stimulated activation of PI3K and Akt survival signaling [12; 13]. Pten, an
inhibitor of the PI3K/Akt pathway, is also often mutated in human cancers and Pten loss is
implicated in poor prognosis for cancer treatment [14]. It is interesting to note that PI3K
survival signaling modulates E2F1-induced cell proliferation or death [13]. In addition,
PI3K/Akt also has a major role in the regulation of energy metabolism and the coordination
of key metabolic pathways [15]. Consistent with this, activation of PI3K/Akt can inhibit cell
death induced by a variety of stimuli but not by oxidative stress. In fact hyperactivity of Akt
sensitizes cells to ROS induced cell death [16]. As synergistic cell death induced by
inactivation of Rb and TSC2 are mediated, at least in part, by increased ROS levels, it is of
interest to determine if Pten loss might interfere with the synergistic cell death associated
with Rb and TSC2 loss.

In this report, we use lentiviral mediated overexpression or knockdown to investigate if
different ways of Rb pathway inactivation will sensitize cancer cells to TSC2 inactivation
induced cell death and if cell death induced by TSC2 inactivation in Rb mutant cancer cells
are modulated by Pten loss.

2. Materials and Methods
2.1 Cell Culture

Du145 and PC3 cells were obtained from the American Type Culture Collection. Cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 8% fetal bovine
serum, 50 IU penicillin/streptomycin and 2 mmol/l L-glutamine in a humidified atmosphere
with 5% CO2 at 37 °C.

2.2 Lentiviral preparation and infection
Viral E1A and human cyclin D1 were cloned into the lentiviral expression vector pCDH-
CMV-EF1-puro. RNAi sequences were cloned into the RNAi expression vector pLKO.1.
Sequences for p16ink4a knockdown[17] and Pten knockdown[18] were obtained from
literature. The sequences for Pten knockdown were (a) ACGGGAAGACAAGTTCATG,
and (b) AAGATCTTGACCAATGGCTAA. Sequence (b) was used in the majority of Pten
studies. The sequence for p16ink4a knockdown were: shp16a,
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GGGAGCAGCATGGAGCCTTCGG; shp16b, GGTCGGGTAGAGGAGGTGCGGG; and
shp16c, CTGCCCAACGCACCGAATA. The sequence forming the loop region was
CTCGAG. Caffeine was used for viral preparation [19]. The protocol for viral concentration
was similar to the one described previously [4], and the viral pellet was resuspended in
DMEM with serum, and stored in aliquots at −80 °C.

Each virus preparation was calibrated using the following procedure to ensure equal viral
load in our experiments between control and experimental conditions. PC3 cells were
infected with lentivirus at different dilutions of virus for 2 days. Cells were then transferred
to new wells and incubated in 1 μg/ml puromycin for 2 days. Cell death was assessed using
trypan blue stain for each dilution and puromycin killing curves were obtained for each virus
preparation. Comparison of these curves was done to ensure equal levels of infection, and
therefore viral load, between control and experimental conditions. For experiments
examining synergistic cell death between sh-p16, shPten, E1a or CyclinD1 and shTSC2 viral
treatment, cells were plated at 1–2 × 104 cells/cm2, and then first infected with sh-p16,
shPten, E1a or CyclinD1, while replicate cells were infected at an equal viral load of control
virus in parallel. Cells were incubated for 2 days, then transferred to new wells and selected
in 1 μg/ml puromycin for 2 days. Cells were then transferred to new wells and infected with
a level of shTSC2 that was demonstrated to yield 100% efficiency in puromycin selection,
or an equal load of control lentivirus, for 2 days, and then used in experiments. For Rb
rescue experiments of E1a treated cells, a similar procedure was followed, except that E1a
puromycin-selected cells were plated, and then infected the next day with Rb or a control
virus with pCDH vector, and then the next day viral media was removed and cells were
infected with shTSC2 virus or an equal load of control virus and then incubated for 2 days
before being used in experiments.

Control virus used in our experiments was prepared in the same fashion using empty pCDH-
CMV-EF1-puro, empty pLKO.1-puro vectors, or a pLKO.1 containing the sequence
CCTTATATCACTAAGGGTTT, which is not specific to any human gene as determined by
BLAST [4]. No differences were observed between the empty pLKO.1 vector and the
pLKO.1 vector containing the non-specific sequence (Fig. S1). TSC2 knockdown constructs
were described previously [4] and knockdown of TSC2 was verified using current
preparations of the virus.

2.3 Soft Agar Growth Assay
104 cells were seeded into a top layer consisting of 1 part 2x DMEM and FBS and 1 part 0.7
% agarose, over a bottom layer consisting of 1 part 2x DMEM and FBS, and 1 part 1.2 %
agarose. Cells were kept in humidified standard cell culture conditions. All soft agar growth
assay data are representative of at least 3 independent experiments. Soft agar growth rescue
assays were performed in the presence of 12mM NAC or vehicle control added to the top
layer mix at the time of plating. All NAC rescue data is representative of 2 independent
experiments.

2.4 Cell Death Assays
Cells were treated with viruses and plated at approximately 2×104 cells/cm2. For low serum
stress assays, cells were plated directly into DMEM with 0.7% serum. Cells were then
incubated for 4–6 days until cell death was apparent. For oxidative stress assays, cells were
incubated overnight, and subjected to complete media with 1mM H2O2 the next day, and
then incubated for 2 days in Cyclin D1 and sh-p16 experiments, or one day for E1a
experiments. Cell death percentage was assessed using trypan blue stain. All data are
representative of 3 independent assays.
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2.5 DHE staining and quantification
Cells were treated with lentivirus and subjected to low serum media for 3–4 days in the case
of PC3 cells, or 1–2 days in the case of Du145 cells. Cells were then trypsinized, and
suspended in 20 μM DHE fluorescent stain, and allowed to incubate at 37 °C in standard
cell culture conditions for 30 minutes. Cells were then imaged and photographed with
identical parameters across all samples and replicates for a given experiment. For
quantification, cell number was assessed for each image using ImageJ software, and average
luminosity was determined for each image using Adobe Photoshop. The luminosity was then
divided by cell number for each image to obtain an average luminosity per cell for the
image.

2.6 Western Blotting
After experimental treatments, cells were washed twice with 1×PBS, and lysed in RIPA
buffer (50 mm Tris.Cl [pH 7.4], 150 mm NaCl, 2 mm EDTA, 1% NP40, 0.1% SDS, 0.5%
sodium deoxycholate, plus protease inhibitors). Equal amounts of protein were loaded. A Li-
Cor Odyssey image reader was used for western detection. The following antibodies were
used: (Santa Cruz Biotechnology) sc 4689 against p16ink4a, sc 69879 against β-actin, sc 898
against TSC2, and (Cell Signaling Technology) #9559 against Pten, # 9271S against p-Akt
Ser 473, and #92G2 against Cyclin D1. The goat anti-mouse immunoglobulin G (IgG) and
goat anti-rabbit IgG secondary antibodies were obtained from Li-Cor.

2.7 Transcriptional Reporter Assay
Cells were treated with lentivirus as described above and were plated into a 24-well plate,
followed by transfection by lipofetamine 2000 (Invitrogen) according to the manufacturer’s
directions. Each tranfection contained 800 ng of E2F4B-Luc, and 5 ng of phRL-Luc. Cell
extracts were prepared 48 h post-tranfection, and the luciferase activity was measure using
Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s
directions. Luciferase activity was read on a BD Monolight 3010 Luminometer. All data
points presented are the average measurement of three independent transfections.

3. Results
3.1 Cyclin D1 overexpression sensitizes cancer cells to TSC2 inactivation induced cell
death

Although many forms of cancer demonstrate perturbations in the Rb pathway, this is not
always due to mutation or deletion of the Rb gene itself. Overexpression or amplification of
Cyclin D1, which can result in the hyperphosphorylation and inactivation of pRb function, is
often observed in various cancers [20]. As earlier work done in our lab has demonstrated
that loss of Rb sensitizes cells to TSC2-inactivation induced cell death [4], we investigated
the effect of inactivating the Rb pathway via overexpression of cyclin D1.

Myc-tagged Cyclin D1 was overexpressed in PC3 cells and a concentration of virus was
chosen that caused marked ectopic expression of Cyclin D1 (Fig. 1A). As expected, Cyclin
D1 overexpression induced Rb inactivation, leading to the activation of E2F luciferase
reporter activity (Fig. 1B, p<0.018). PC3 cancer cells demonstrate aggressive growth in
comparison to other prostate cancer cell lines, with both androgen independence and ability
to grow in serum free media [21], and it is likely that this ability is due to an autocrine
signaling loop from extrusion of TGF alpha into the media, [22] and this growth
independence is characteristic of aggressive malignancies. Cyclin D1 overexpressing or
control PC3 cells were treated with shTSC2 virus or controls and tested for the ability to
survive in 0.7% low serum media. Moderately increased cell death was observed in cells
with TSC2 loss, but when Cyclin D1 was overexpressed in conjunction with TSC2
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knockdown, we found significantly increased cell death over all other conditions (Fig. 1D,
p<0.02). Another feature of PC3 cancer cells is the ability to form anchorage independent
colonies in soft agar at high efficiency [21]. To test for alterations to this ability when Cyclin
D1 is overexpressed in conjunction with TSC2 knockdown, these cells were also tested for
the ability to grow in soft agar. Significantly reduced ability to form colonies was observed
in cells with increased Cyclin D1 levels in addition to TSC2 loss in comparison to all other
conditions (Fig. 1C, p<0.009). These results mirror earlier findings that knockdown of Rb
and TSC2 synergistically increased cell death and inhibited tumor growth [4] and indicate
that inactivation of TSC2 can potentially be used to target cancer types with deregulated
Cyclin D1 activity.

3.2 Cyclin D1 overexpression and TSC2 inactivation synergistically increase intracellular
ROS levels and mediate anchorage-independent cell growth

Earlier findings indicated that the increased cell death observed in cells lacking Rb and
TSC2 correlated with increased ROS levels [4]. We therefore assayed ROS levels in PC3
cells with overexpressed Cyclin D1 and TSC2 knockdown using DHE staining and
fluorescent imaging. PC3 cells were treated with Cyclin D1, shTSC2 or control lentivirus,
and stressed in low serum media, and stained with DHE (Fig. 1E–H). Quantification of these
results showed a marked increase in DHE staining of cells lacking TSC2 and overexpressing
Cyclin D1 (Fig. 1I, p<0.04), which is correlated to the significantly increased cell death and
reduced colony formation in soft agar that was observed (Fig. 1C and 1D). These results
indicated a potential vulnerability in Cyclin D1/shTSC2 treated cells to oxidative stress,
which is also a form of stress encountered by cancer cells in tumors, which in turn makes
cancer cells more dependent on cellular antioxidant mechanisms [23; 24]. We therefore
tested cells treated with Cyclin D1 and shTSC2 lentivirus for sensitization to cell death at
low levels of H2O2. The pattern of cell death observed in low H2O2 (Fig. 1J) was similar to
that in low serum conditions (Fig. 1D), with some increased death in shTSC2 cells, and
further elevated cell death when Cyclin D1 was overexpressed in conjunction with and
shTSC2 (p<0.045 in comparison to all controls). To test if increased ROS might play a key
role in the observed inhibition of anchorage independent cell growth, soft agar assays were
performed on cells overexpressing Cyclin D1 and treated with shTSC2 lentivirus or controls,
in the presence or absence of the antioxidant NAC. As shown in Fig. 1K, TSC2 knockdown
in combination with Cyclin D1 overexpression inhibited colony growth in soft agar in the
absence of NAC (p<0.003) but not in the presence of NAC (p>0.1). Together these results
suggest that cancer cell types with inactivation of the Rb pathway via overexpression of
Cyclin D1 will be susceptible to TSC2 inactivation induced cell death due to increased
cellular stress such as ROS.

3.3 Inactivation of the cdk inhibitor p16ink4a and TSC2 results in serum-dependant
sensitization to stress induced cell death and growth inhibition

In addition to Cyclin D1 overexpression or amplification, loss of Cyclin D1/cdk4 inhibitor
p16ink4a can also lead to Rb pathway inactivation. In fact, loss of p16ink4a is common in
cancers, and often associated with poor prognosis [7]. We tested if inactivation of p16ink4a

will sensitize cancer cells to TSC2 inactivation-induced cell death. Lentivirus with shRNA
targeted against p16ink4a was generated and knockdown of p16ink4a was verified (Fig. 2A).
We further tested the effect of p16ink4a knockdown on the Rb pathway, and found that
p16ink4a loss in PC3 cells also significantly increased E2F activity (p<0.01) as measured by
a transfected E2F-luciferase reporter (Fig. 2B). To determine if knockdown of p16ink4a also
sensitizes cancer cells to TSC2 inactivation-induced anchorage independent cell growth
inhibition, cell growth assays in soft-agar were performed. Reduced colony formation in
comparison to all controls was apparent in cells treated with sh-p16a and shTSC2 lentivirus
(Fig. 2C, p<0.004). The observed synergistic death effect of shp16 with shTSC2 are likely
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mediated by deregulated E2F activity since the two shp16 constructs (shp16a and shp16c)
that deregulated E2F activity (Fig. S3A–B, p<0.002) induced synergistic death and inhibited
colony in soft agar in conjunction with shTSC2 (Fig. 2C and 2F; S3D and S3F, p<0.009)
while shp16b, which did not deregulate E2F, failed to induce synergistic death or inhibit
colony growth (Fig. S3C and S3E p>0.5 between shTSC2 and shp16+shTSC2).

Consistent with our previous finding that Rb and TSC2 inactivation-induced cell death and
growth inhibition are mediated by increased ROS [4], we found that addition of antioxidant
NAC restored colony growth of p16ink4a and TSC2 double knockdown cells and no
significant difference was observed between sh-p16 and sh-p16+shTSC2 samples after NAC
addition (Fig. 2D, p=0.65). This suggests an important role for ROS in the inhibition of
colony growth of the p16ink4a and TSC2 knockdown cells. Interestingly, while p16ink4a and
TSC2 double knockdown cells were much more sensitized to undergo cell death than the
control or each of the single knockdown cells when cells were grown in the presence of low
levels of H2O2 in normal serum (Fig. 2F, p<0.0005), no synergistic cell death was observed
when cells were grown in low serum conditions (Fig. 2E). These observations were distinct
from the synergistic cell death induction of the Rb and TSC2 double knockdown cells [4] or
the CyclinD1 overexpressing TSC2 knockdown cells (Fig. 1D). A likely explanation for the
decreased ability of sh-p16 and shTSC2 to synergistically induce cell death in serum free
conditions is that the regulation of pRb by p16ink4a is mediated by Cyclin D kinase
activities. In serum free conditions, the level of Cyclin D and therefore the associated kinase
would be low and therefore not be able to inactivate the function of pRb. To test this, PC3
cells were treated with control or Cyclin D1 lentivirus, and incubated for 3 days in medium
with or without serum. As predicted, endogenous Cyclin D1 levels were significantly
decreased in PC3 cells grown in serum free media. In contrast, high levels of myc tagged
Cyclin D1 were still detected in cells in serum free conditions (Fig. S2). These results
suggest that TSC2 could serve as a useful target in some p16ink4a-negative cancer cells,
however the efficacy in those cases could be dependent on mitogenic signaling and the
downstream activity of cyclin/cdk complexes.

3.4 Inactivation of the Rb pathway via the viral oncogene E1a sensitizes cancer cells to
TSC2 inactivation-induced cell death and growth inhibition

The Rb pathway can also be inactivated by the expression of viral oncoproteins such as
adenovirus E1a and Human Papiloma Virus protein E7 [9; 10]. Due to the link of E1a-like
proteins to cancer, it is of interest to investigate if cancer cells with inactivated Rb pathway
by the expression of viral proteins are sensitive to TSC2 inactivation-induced cell death. We
therefore tested if ectopic E1a expression sensitizes cancer cells to TSC2 inactivation-
induced death.

As expected, E1a expression inactivated Rb and significantly upregulated E2F activity (Fig.
3A, p<0.001). To test if TSC2 knockdown synergized with E1a to cause sensitization to cell
death, PC3 cells with ectopic E1a were treated with shTSC2 or control virus, and the ability
to survive in low serum was tested (Fig. 3C). We found that shTSC2 treatment caused some
increase in cell death, while cells treated with E1a and shTSC2 showed markedly increased
cell death in comparison to all other samples (p<0.002). Furthermore, cells similarly treated
were tested for the ability to grow in anchorage independent conditions in soft agar (Fig.
3B). We found that E1a alone caused some reduction in anchorage independent growth, but
E1a and shTSC2 treatment together caused a marked reduction in colony formation
compared to all controls (p<0.005).

We next tested whether the death effects we observed in E1a and shTSC2 treated cells
correlated to increased ROS levels as it had in other forms of Rb pathway inactivation. Cells
were treated with E1a, shTSC2 and control viruses, and subjected to low serum stress and
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stained with DHE to assess ROS levels (Fig. 3E–H). A mild and variable increase in DHE
staining was observed in shTSC2 treated cells, while a clear increase in DHE staining was
observed in cells that expressed ectopic E1a in conjunction with TSC2 knockdown (Fig. 3I,
p<0.03). These data indicated a correlation between increased ROS levels and the cell death
effects observed in E1a and shTSC2 treated cells (Fig. 3B–C). Therefore, we tested for a
direct ability of oxidative stress to cause death in E1a and shTSC2 treated cells by
incubating cells in a low level of H2O2. Indeed a clear increase in cell death in E1a and
shTSC2 treated cells was present over controls under this condition (Fig. 3D, p<0.0005). To
test for a potential necessary role of ROS-induced stress in these cell death effects, PC3 cells
with ectopic E1a expression were treated with shTSC2 or control lentivirus and subjected to
soft-agar assay in the presence or absence of the antioxidant NAC (Fig. 3J). We found that
in the presence of vehicle control, the ability of E1a/shTSC2 cells ability to grow in soft agar
was significantly inhibited (p<2×10−6) while no significant inhibition of E1a/shTSC2 cells
was seen with the addition of NAC (p=0.33).

To verify that the sensitization to death of E1a and shTSC2 treated cells was due to E1a
inactivation of the Rb pathway, as opposed to other effects of ectopic viral E1a, we tested
the ability of overexpressed WT Rb to rescue the synergistic cell death phenotype. As shown
in Fig. 3K, while cells expressing E1a and shTSC2 exhibited significantly increased cell
death (Fig. 1K, control, p<0.03), this effect was rescued by overexpressed Rb (Fig. 1K, +Rb,
p=0.11). Together, these data suggest that cancers induced by the expression of viral
oncoproteins that inactivate Rb can also be targeted by approaches involving inactivation of
TSC2.

3.5 Pten does not affect TSC2 inactivation-induced ROS levels or cell death in Rb mutant
cancer cells

Many forms of cancer exhibit loss of functional Pten [25]. Loss of Pten results in increased
PI3K/Akt survival signaling, which might have the potential to interfere with cell death
induced by inactivation of Rb and TSC2 [13]. Conversely, deregulated Akt signaling can
also upregulate energy metabolism and sensitize cells to ROS-related death [16]. Therefore
it is of interest to test if Pten loss might modulate the synergistic cell death induced by
inactivation of both Rb and TSC2.

Lentiviral constructs containing shRNA against Pten were generated. Both constructs were
able to significantly reduce the endogenous levels of Pten protein and lead to a
corresponding increase in the level of phosphorylated active Akt (p-Akt) (Fig. 4A).
However, Pten knockdown did not significantly affect TSC2 inactivation-induced cell death
in Rb mutant DU145 cancer cells grown in low-serum (Fig. 4B). While both control cells
and shPten treated cells showed significant increases in cell death when treated with shTSC2
(p<0.002 and p<0.0009), no significant difference in cell death levels were seen with Pten
knockdown. Similar results were observed with the second shPten construct (Fig. S4).
Furthermore, Pten knockdown did not significantly affect shTSC2-induced inhibition of
anchorage-independent growth in soft agar (Fig. 4C, p=0.6).

While Pten loss activates survival signaling, activation of the Akt pathway has been shown
to have the potential to increase ROS levels in cells [16]. Earlier work showed that increased
ROS levels in cells lacking Rb and TSC2 was observed to correlate with synergistically
increased death effects [4]. We therefore further tested the effect of Pten knockdown on
ROS levels in Du145 cells both with or without TSC2 knockdown. TSC2 knockdown
markedly increased intracellular ROS levels assessed by DHE stain both in control and
shPten treated cells (Fig. 4E and 4G), and quantification of this data (Fig. 4H) showed
significant increases (p<0.04, p<0.003) in DHE staining. In contrast, knockdown of Pten did
not significantly change the ROS levels either with or without TSC2 knockdown (Fig. 4D–G
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and Fig. 4H). Therefore knockdown of Pten did not significantly affect the shTSC2-induced
ROS levels or cell death in Rb mutant DU145 cancer cells. These observations suggest that
inactivation of TSC2 can potentially be used to kill Rb mutant cancer cells irrespective of
their Pten status.

4. Discussion
Targeted cancer therapies are of clear interest. Rb is inactivated in many cancers, and often
loss of p16ink4a and overexpression of cyclin D1 are associated with poor prognosis [7; 8].
The results here further build on previous results by our laboratory, where loss of Rb was
shown to synergize with loss of TSC2, resulting in cell death in Drosophila developing
tissues and in human cancer cell lines [4]. Our findings suggest that any approach developed
for targeting TSC2 in Rb deficient cancers could potentially be extended to include some
instances of cancers with Cyclin D1 overexpression, loss of p16ink4a, or cancer associated
with the presence of viral oncoproteins that inactivate Rb such as human papiloma virus-
associated cervical cancers (Fig. 5).

A key role for ROS was previously demonstrated in stress induced cell death of Rb and
TSC2 negative cells [4]. In our assays, significant increases in cell death were similarly
correlated with significant increases in ROS levels visualized by DHE stain. Previous work
in our lab additionally showed that SOD2 induction in shTSC2 treated cells was Rb
dependant, with reduced SOD2 induction in response to stress and TSC2 loss in the absence
of Rb. Similarly, knockdown of p16 reduced shTSC2-induced SOD2 levels (Fig. S5). In
addition, loss of functional TSC2 is also associated with increased ROS production [4].
These findings suggest that a synergistic effect between increased ROS due to TSC2 loss
and reduced SOD2 induction due to Rb inactivation may play a role in our observed cell
death. Consistent with this idea, significantly increased ROS levels were observed when
shTSC2 treatment was combined with Rb pathway inactivation (Fig. 1I and 3I), indicating
that a potential ROS-linked sensitivity to shTSC2-induced cell death may be unmasked by
Rb pathway inactivation in our experiments (Fig. 5). Indeed, the addition of the antioxidant
NAC was able to significantly rescue colony formation (Fig. 1K, 2D and 3J).

Cancer metastasis, growth, and the conditions of the tumor environment all induce stresses
on cancer cells (Fig. 5). Advanced prostate cancers can escape androgen ablation treatment
and exhibit autonomous growth as well as tumorigenicity. PC3 cells are a model for this
type of cancer, as they have been shown to be able to form colonies in soft agar efficiently,
which is considered to be correlated with tumorigenicity [21], as well as grow independently
of androgens in the absence of serum. A likely major cause of this mitogen independent
growth has been demonstrated to be an autocrine signal loop consisting of PC3 production
of TGF alpha signaling back to the cell through the EGF receptor to promote cell growth
[22]. The assays chosen in this work assess some key aspects of the cancer cell’s ability to
overcome some of these obstacles and stresses outlined above. In assays for anchorage
independent growth, cells with overexpressed Cyclin D1, p16ink4a knockdown, or ectopic
E1a all demonstrated a significant loss of ability to form colonies in soft agar when TSC2
was knocked down (Fig. 1C, 2C and 3B). Furthermore, TSC2 knockdown cells that were
treated with Cyclin D1, sh-p16ink4a or E1a lentivirus demonstrated significantly increased
death over both shTSC2 and other controls in conditions of oxidative stress (Fig. 1J, 2F and
3D). Alternately, under conditions of low serum, Cyclin D1 and E1a lentivirus-treated cells,
but not sh-p16 cells, synergized with TSC2 knockdown to show increased death over
shTSC2 treated cells and other controls. Since these experiments model some of the stresses
and challenges faced by cancer cells during growth and metastasis, these data suggest that in
cancers with elevated Cyclin D1 activity, as well as those demonstrating ectopic viral
oncogenes such as E7, TSC2 may be a potential target for therapy. On the other hand, the
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data suggest that in cancers characterized by p16ink4a loss, the usefulness of TSC2 as a
target may be conditional (Fig. 5).

Although Rb is often inactivated in cancer cells, this does not necessarily mean Rb is
completely inactivated in all phases of the cell cycle. It is possible that different mechanisms
of Rb inactivation in different cancer cells will have different levels and/or durations of Rb
inactivation. For example, inactivation of pRb by direct regulators such as the viral
oncoprotein E1a can potentially lead to pRb inactivation in all the phases of the cell cycle as
long as there is sufficient E1a level, while inactivation of pRb by p16 ink4a loss will depend
on the level of Cyclin D/Cdk4 activity in the cell. In soft agar and H2O2 assays, which are
performed in complete media, sh-p16 cells synergized with TSC2 loss resulting in elevated
death effects over controls. On the other hand, sh-p16 and shTSC2 treated cells did not show
significant increase in cell death in low serum media. Previous work has indicated that
Cyclin D1 and its binding partner cdk4/6, as well as their ability to associate, are serum
dependant [20], and we have verified in our system that while levels of ectopic Cyclin D1
remain high in serum free media, endogenous Cyclin D1 does not (Fig. S2). While autocrine
signaling through TGF alpha production, as well as other possible factors, may confer
growth independence on PC3 cells, levels of unrestrained Cyclin D1 signaling in sh-p16
treated PC3 cells in low serum media may be insufficient to deregulate the Rb pathway past
the threshold needed for synergistic effects with shTSC2. Therefore, our results indicate that
an argument can be made for the potential usefulness of TSC2 as a target in p16ink4a

negative cells, but any usefulness of this target might be highly dependent on the context of
Cyclin D/cdk4/6 signaling in the given cell type.

The tumor suppressor Pten is often mutated in cancer, and its loss is also tied with poor
prognosis [14], and resistance to targeted therapies. Therefore it was of interest to us to
address whether Pten loss has an effect on survival of Rb-mutant cancer cells when
challenged with TSC2 inactivation. No rescue effect was observed in DU145 cells subjected
to TSC2 knockdown in soft agar or low serum stress, which is consistent with the
observation that Akt activation is unable to protect death induced by ROS [16] and the fact
that PC3 cells, which lack functional Pten, are sensitized to synergistic death from Rb/TSC2
loss. On the other hand, although one might expect knockdown of Pten and activation of Akt
will increases ROS levels [16], we found Pten knockdown does not significantly affect ROS
levels either alone or in conjunction with shTSC2. As Akt activation is regulated by insulin/
IRS signaling and TORC2, which are under feedback negative regulation by TORC1
activity [26; 27], it is possible that such negative feedback regulations prevent strong enough
Akt activation that can lead to detectable changes in ROS levels or cell death in our
experimental conditions.

The importance of targeting cancers with inactivation of the Rb pathway is of clear
importance, as these cancers can be resistant to therapy. Although the loss of functional Rb
pathway results in certain advantages for a cancer cell in terms of unregulated entry into S-
phase and proliferation, other apoptotic programs and vulnerabilities can be unmasked by
the deregulated Rb pathway [28; 29], which can potentially be exploited in developing novel
cancer therapies. Indeed, ER negative breast cancers with high Rb loss signature were
associated with better outcome when treated with chemotherapy [30]. Our data presented
here along with that published before [4], suggest that the metabolic stresses of activated
mTOR feeds into and synergizes with these vulnerabilities opened up by an inactivated Rb
pathway (Fig. 5). Further research into targeting the disadvantageous effects to a cancer cell
of a deregulated Rb pathway could yield new targeted therapies for cancers with disrupted
Rb signaling.
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Fig. 1.
Cyclin D overexpression in PC3 cancer cells synergizes with TSC2 knockdown to produce
increased ROS and cell death in stressed conditions. (A) PC3 cells were infected with
control or Cyclin D1 lentivirus, selected with puromycin, and western blotting was
performed on cell lysates to assess Cyclin D1 and Actin protein levels. (B) PC3 cells were
treated with Cyclin D1 lentivirus or control and puromycin-selected, and transfected with an
E2F-Luciferase reporter and assayed for luciferase activity. (C) PC3 cells were treated with
Cyclin D1 lentivirus and puromycin-selected, and treated with shTSC2 and control viruses,
seeded into soft agar, and colonies counted. (D) PC3 cells overexpressing Cyclin D1 and
lacking TSC2 were incubated in low serum media and assayed for cell death using trypan
blue staining. (E–H) PC3 cells overexpressing Cyclin D1 were treated with control or
shTSC2 virus, incubated in low serum media, trypsinized, stained with DHE and imaged. (I)
Images from DHE staining were quantified for average luminescence per cell. (J) Cyclin D1
overexpressing PC3 cells were incubated in 1 mM H2O2 for 2 days and cell death was
assayed by trypan blue staining. (K) PC3 cells overexpressing cyclin D1 were treated with
shTSC2 or control were seeded into soft agar with or without 12 mM NAC and colonies
were counted.
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Fig. 2.
p16ink4a knockdown synergizes with TSC2 knockdown resulting in Increased cell death in
response to stress in complete media, but not in response to low serum stress. (A) PC3 cells
were treated with control or sh-p16a lentivirus and selected in puromycin, and lysates were
subjected to western blotting, and probed with p16ink4a and Actin antibodies. (B) PC3 cells
were selected for control or p16ink4a knockdown, and transfected with an E2F-Luciferase
reporter, and Luciferase activity was measured. (C) PC3 cells were selected for p16ink4a

knockdown and treated with shTSC2 and control viruses, seeded into soft agar, and colonies
counted. (D) PC3 cells selected for p16 knockdown and treated with shTSC2 or control were
seeded into soft agar with or without 12 mM NAC and colonies were counted. (E) PC3 cells
treated with sh-p16 and shTSC2 lentivirus were incubated in low serum media, and assayed
for cell death using trypan blue staining. (F) PC3 cells lacking p16ink4a were incubated in 1
mM H2O2 for 2 days and cell death was assayed by trypan blue staining.
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Fig. 3.
Ectopic E1A expression in PC3 cancer cells synergizes with TSC2 knockdown to produce
increased ROS and cell death in stressed conditions. (A) PC3 cells were treated with E1A
lentivirus or control and puromycin-selected, and transfected with an E2F-Luciferase
reporter and assayed for luciferase activity. (B) PC3 cells were selected for ectopic E1A
expression and treated with shTSC2 and control viruses, seeded into soft agar, and colonies
counted. (C) PC3 cells with ectopic E1A and lacking TSC2 were incubated in low serum
media and assayed for cell death using trypan blue staining. (D) PC3 with ectopic E1A were
incubated in 1 mM H2O2 for 1 day and cell death was assayed by trypan blue staining. (E–
H) PC3 cells with ectopic E1A expression were treated with control or shTSC2 virus, and
incubated in low serum media. Cells were then trypsinized and stained with DHE before
imaging. (I) Images from DHE staining were quantified for average luminescence per cell.
(J) PC3 cells selected for ectopic E1A expression and treated with shTSC2 or control were
seeded into soft agar with or without 12 mM NAC and colonies were counted. (K) E1A-
selected PC3 cells were treated with control or Rb lentivirus, and then control or shTSC2,
and incubated in 1mM H2O2 for 1 day and cell death was assayed by trypan blue staining.
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Fig. 4.
Pten knockdown in Du145 cells does not rescue synergistic cell death between shTSC2 and
lack of functional Rb, and does not alter ROS levels in these cells. (A) Du145 cells were
treated with lentivirus encoding two shRNA sequences against Pten, selected with
puromycin, then subjected to western blotting and probed with antibodies against Pten, p-
Akt and Actin. (B) Du145 cells lacking Pten and infected with shTSC2 were incubated in
low serum, and cell death was assayed with trypan blue staining. (C) Du145 cells were
selected for Pten knockdown and treated with shTSC2 and control virus, seeded into soft
agar, and colonies counted. (D–G) Du145 cells were selected for Pten knockdown, and
treated with shTSC2 and incubated in low serum media. Cells were then trypsinized and
stained with DHE before imaging. (H) Images from DHE staining were quantified for
average luminescence per cell.

Danos et al. Page 15

Cancer Lett. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 5.
A model for synergistic cancer cell death in response to stress when TSC2, but not Pten is
inactivated in the context of a deregulated Rb pathway.
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