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Retinoblastoma protein regulates the crosstalk
between autophagy and apoptosis, and favors
glioblastoma resistance to etoposide

D Biasoli1, SA Kahn1, TA Cornélio1, M Furtado1,2, L Campanati1, H Chneiweiss3, V Moura-Neto1 and HL Borges*,1

Glioblastomas (GBMs) are devastating tumors of the central nervous system, with a poor prognosis of 1-year survival.
This results from a high resistance of GBM tumor cells to current therapeutic options, including etoposide (VP-16).
Understanding resistance mechanisms may thus open new therapeutic avenues. VP-16 is a topoisomerase inhibitor that causes
replication fork stalling and, ultimately, the formation of DNA double-strand breaks and apoptotic cell death. Autophagy has been
identified as a VP-16 treatment resistance mechanism in tumor cells. Retinoblastoma protein (RB) is a classical tumor
suppressor owing to its role in G1/S cell cycle checkpoint, but recent data have shown RB participation in many other cellular
functions, including, counterintuitively, negative regulation of apoptosis. As GBMs usually display an amplification of the EGFR
signaling involving the RB protein pathway, we questioned whether RB might be involved in mechanisms of resistance of GBM
cells to VP-16. We observed that RB silencing increased VP-16-induced DNA double-strand breaks and p53 activation. Moreover,
RB knockdown increased VP-16-induced apoptosis in GBM cell lines and cancer stem cells, the latter being now recognized
essential to resistance to treatments and recurrence. We also showed that VP-16 treatment induced autophagy, and that RB
silencing impaired this process by inhibiting the fusion of autophagosomes with lysosomes. Taken together, our data suggest
that RB silencing causes a blockage on the VP-16-induced autophagic flux, which is followed by apoptosis in GBM cell lines and
in cancer stem cells. Therefore, we show here, for the first time, that RB represents a molecular link between autophagy and
apoptosis, and a resistance marker in GBM, a discovery with potential importance for anticancer treatment.
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Glioblastoma (GBM) is the most prevalent form of primary
central nervous system tumors with highly aggressive
characteristics.1,2 The average survival of GBM patients is
1 year and this prognosis has not been improved over the
last decades,3 even with the adoption of antiangiogenic
treatments, which only improves the condition of a subgroup
of patients. Treatment for GBM patients consists of surgical
resection, as well as radiotherapy and chemotherapy
with temozolomide;4 nevertheless, the rate of recurrence is
extremely high.5 The chemotherapeutic agent etoposide
(VP-16) is generally reserved for treating recurrent tumors,
in high doses, limiting its effectiveness because of acute and
cumulative toxicity to normal tissues.6 Thus, a better under-
standing of the molecular regulation of VP-16 resistance
mechanisms is important for the development of a more
efficient therapy.
VP-16 is a topoisomerase type II inhibitor, also used for

osteosarcoma, bladder and testicular tumor treatments.7

Biochemically, the inhibition of topoisomerases leads to

replication fork stalling and, ultimately, formation of DNA
double-strand breaks and apoptosis.8 Autophagy has been
identified as a mechanism of tumor resistance to VP-16-
induced apoptosis in tumor cells,9–11 including GBM cells.
Katayama et al.12 showed that the pharmacological inhibition
of the autophagic process, in its final steps, increased the
apoptotic rate induced by the compound. This same cross talk
between autophagy and apoptosis has also been shown for
other chemotherapy agents, including temozolomide, arsenic
trioxide, resveratrol, camptothecin, cisplatin and 5-fluoracil,
in many types of tumor cells12–16 But still, the molecular
mechanisms regulating the interplay between these two
events are poorly understood.
Mutations in the retinoblastoma (RB) susceptibility gene

(RB1) lead to childhood retinal cancer.17 This gene encodes a
phosphoprotein that negatively regulates the cell cycle, and
this activity is critical for the classic RB-mediated tumor
suppression function.18 Upon mitogenic signaling, RB protein
is inhibited by hyperphosphorylation, which disrupts RB
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transcriptional repression complexes to allow G1 to S phase
transition.19 Knudsen et al.20 showed that RB also induces
S-phase arrest, triggered by the intra S-phase checkpoint in
the presence of DNA-damaging agents, such as cisplatin and
VP-16. RB also participates in other cellular processes, such
as terminal cell differentiation and maintenance of genetic
stability.18,21

Counterintuitively, evidences from the literature have also
suggested that RB can exert an anti-apoptotic function. Haas-
Kogan et al.22 showed that the expression of RB decreased
radiation-induced apoptosis in the osteosarcomaRB-deficient
cells Saos-2. It has also been shown that RB is cleaved
by caspases during apoptosis induced by VP-16 and tumor
necrosis factor-a (TNF-a).23,24 The caspase-resistant RB,
engineered in mice, inhibits inflammation-induced cell death
in vivo,25,26 and the TNF receptor 1 triggered apoptosis in
mouse embryonic fibroblasts (MEFs).25 Moreover, the
expression of caspase-resistant RB in cerebellar granular
neurons reduces apoptosis caused by potassium depriva-
tion.27 In addition, MEFs displaying a conditional knockout of
RB are more susceptible to VP-16 and cisplatin-induced cell
death.20 Chau et al.28 have further demonstrated, by using
targeted mutations on the RB1 gene, that RB inhibition of
VP-16-induced apoptosis is independent of RB growth
suppression function.
The RB pathway is altered in 70% of human cancer types.29

In GBM, this pathway is altered in 78% of the cases, although
mutations and homozygotic deletions of the RB1 gene itself
appear in only 11% of them.30 Instead, the RB pathway is
preferentially altered at components that lead to RB inactiva-
tion by hyperphosphorylation, which leads to suppression of
its cell cycle blocker function.19

In this work, we tested whether RB, even inactivated by
hyperphosphorylation, could promote resistance to VP-16 in
GBM and in GBM cancer stem cells, which are more resistant
to chemo- and radiotherapy2,31–34. We show here, for the first
time, that RB is involved in the regulation of an interplay
between autophagy and apoptosis, and promotes resistance
of GBM cells to VP-16. Moreover, these results show that the
hyperphosphorylated RB, found in GBM, is not only a
determinant for the high levels of cell proliferation, but is also
a determinant for chemotherapy resistance.

Results

RB knockdown using RNAi in GBM cell lines and in
GSCs. To investigate the role of RB protein in the response
of GBM cells to VP-16, we chose two GBM cell lines that
display hyperphosphorylated RB (Supplementary Figure S1):
U87 MG, an American Type Culture Collection (ATCC) cell
line that does not express the CDK inhibitor p1635, and
GBM95, isolated in our laboratory through biopsy of a
recurrent GBM tumor36 and the GBM stem cell (GSC) line
OB1 (refs 37,38). By Immunoblotting analysis we were able
to detect similar levels of total RB protein in GBM cell lines
U87 and GBM95, and in GSC OB1 (Supplementary Figure
S1A). Besides, RB phosphorylation at serine 807/811 was
detected in the GBM cell lines and in GSCs (Supplementary
Figure S1B). This confirms, as expected35, that the cell lines
used in this work present hyperphosphorylated RB.

The efficiency of RB knockdown was ofB70% in both GBM
cell lines, and B80% in GSCs (Figures 1a–d). Twenty-four
hours after transfection, 30% (Figures 1a and b) and 20%
(Figures 1c and d) of residual RB was detected by western
blotting in the silenced RB group (siRNA-RB) in comparison
with the off-target non-silenced group (siRNA-Neg), in the
GBM cell lines and in GSC OB1, respectively (Figures 1a–d).
In all subsequent experiments, VP-16 treatment was initiated
24 h post-small interfering RNA (siRNA) transfection.

RB knockdown increased VP-16-induced apoptosis. To
test whether RB knockdown could increase VP-16-induced
apoptosis, we compared the percentage of terminal deox-
ynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL)-positive cells between silenced and non-silenced
groups, 24 h after VP-16 treatment, in U87 and GBM95 cells.
The concentration of 1 mM of VP-16 was chosen, as it
decreased cell viability toB50% in both U87 and GBM95 cell
lines, as seen in a VP-16 dose–response curve 24 h after
treatment (Figure 1e). Twenty-four hours after 1 mM of VP-16
treatment, U87 cell cultures showed B2.5 times more
TUNEL-positive cells in the RB-silenced group compared
with the off-target non-silenced group (siRNA-Neg) (Figures
2a and c). As for GBM95 cells, the percentage of TUNEL-
positive cells increased fourfold in the silenced RB group
(Figures 2a and c). In both the GBM cell lines tested, RB
knockdown also increased the cell death level measured by
ethidium homodimer incorporation, which is thought to occur
only in cells with disrupted plasma membrane39 (data not
shown). Therefore, in both GBM cell lines tested, RB
knockdown was capable of potentiating VP-16 treatment
through increased apoptosis.
GSCs have now been positioned in a centre stage for the

development of cancer therapies because of its capacity for
self-renewal and generation of varied differentiated cell types
within a tumor mass.31 As we observed that RB knockdown
increased VP-16-induced apoptosis in GBM cell lines, we
wondered whether the same would be observed in GSCs.
To test this hypothesis, we used the GSC line OB1 refs37,38,

which has a high capacity to self-renew. This cell line
expresses Nestin, a neural stem cell marker, SOX-2, an
embryonic stem cell marker and CD133, a GSC marker
(Supplementary Figure S2). We silenced RB in OB1 cells
(Figures 1c and d) and compared the percentage of TUNEL-
positive cells between silenced and non-silenced groups after
VP-16 treatment. As seen in the VP-16 dose–response
curves (Figure 1e), OB-1 GSCs are more resistant to VP-16
treatment than the GBM cell lines tested (U87 and GBM95);
therefore, in this assay we used VP-16 at a concentration
of 30 mM, as it resulted in 80% of OB1 survival (Figure 1e).
Our results showed that RB knockdown increased the

percentage of TUNEL-positive OB1 cells by threefold after
VP-16 treatment, resulting in over 85% of TUNEL-positive
cells (Figures 2b and d). This result shows that RB knockdown
increases VP-16-induced apoptosis in GSCs in a similar
manner than that previously observed for GBM cells
(Figure 2c). Cleaved caspase-3 immunostaining confirmed
the effectiveness of RB silencing to increase VP-16-induced
apoptotic cell death (Figure 2e and Supplementary Figure S3).
Moreover, RB silencing increased p53 phosphorylation at
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serine 15 residue (Figure 2f), which leads to p53 accumulation
and induction of apoptosis,40 suggesting that RB knockdown
induced an increase in p53-dependent apoptosis.

RB knockdown increased VP-16-induced apoptosis
even in a p53-independent manner. To test whether RB
knockdown could have a broader effect on GBM cells, we
used three other GBM cell lines: A172, T98G, which is p53
mutated, and U373, which expresses low levels of RB.
We performed RB knockdown in these cell lines (Figure 3c)
and compared the percentage of TUNEL-positive cells
between silenced (siRNA-RB plus VP-16) and non-silenced
(siRNA-Neg plus VP-16) groups after VP-16 treatment.
U373 cells, which naturally present lower levels of RB
expression (Figure 3c), exhibited the highest sensitivity to
VP-16-induced apoptosis (Figures 3a and b). Furthermore,
RB knockdown in U373 cells increased even more the

percentage of TUNEL-positive cells (Figures 3a and b).
These results further confirm that lower levels of RB expression
favors VP-16-induced apoptosis. RB knockdown also increased
the levels of TUNEL-positive nuclei in A172 and even in T98G
cells (Figures 3a and b). This later cell line express mutant p53,
which is not activated, as measured by serine 15 phosphoryla-
tion, in the presence of VP-16 (Supplementary Figure S4).
These results suggest that RB knockdown is able to increase
VP-16-induced apoptosis independently of p53 activation,
although the combinatory treatment is more efficient in cells
that express wild-type p53. This data set shows that RB
knockdown is able to increase VP-16-induced apoptosis in a
wide range of genetic backgrounds of GBM cells.

RB knockdown increased VP-16-induced DNA double-
strand breaks. VP-16 generates DNA double-strand breaks
that accumulate and ultimately trigger apoptosis.41

Figure 1 RB knockdown in GBM cells and GSCs. (a) Representative western Blotting image of three independent experiments, comparing the levels of RB protein
between non-silenced (siRNA-Neg) and silenced groups (siRNA-RB) of U87 and GBM95 cell lines. a-Tubulin was used as loading control. (b) Histogram comparing RB levels
between silenced (siRNA-RB) and non-silenced groups (siRNA-Neg) of GBM cell lines U87 and GBM95. Data are represented as mean and S.E.M. of three independent
experiments. (c) Representative western blotting image of three independent experiments, comparing the levels of RB protein between non-silenced (siRNA-Neg) and
silenced groups (siRNA-RB) of GSCs OB1. a-Tubulin was used as loading control. (d) Histogram comparing RB levels in GSCs OB1 between silenced (siRNA-RB) and non-
silenced groups (siRNA-Neg). Data are represented as mean and S.E.M. of three independent experiments. (e) VP-16 dose–response curves of GBM cell lines U87 and
GBM95, and GSCs OB1. Graphic shows the % of survival as measured by MTT method by the indicated dose treatment of VP-16 for 24 h. Data are represented as mean and
S.E.M. of three independent experiments
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Therefore, we questioned whether the increase in VP-16-
induced apoptosis, seen after RB knockdown, could be due
to an increase in DNA double-strand breaks. To test that,
we compared the levels of g-H2AX staining between
RB-silenced and non-silenced groups. g-H2AX is a modified
histone, which is g-phosphorylated after DNA double-strand
break.42 Our results showed that incubation with VP-16 for
1 h increased the fluorescence intensity of g-H2AX immu-
nostaining in both GBM cell lines tested (Figures 4a and b).
However, the increase in g-H2AX immunostaining induced by
VP-16 was significantly higher in the RB-silenced group
(siRNA-RB plus VP-16) when compared with the siRNA off-
target control group (siRNA-Neg plus VP-16) (Figures 4a and b).
Western blotting analysis confirmed that the amount of
g-H2AX was significantly higher in the RB-silenced group
after VP-16 treatment (siRNA-RB plus VP-16) when

compared with the siRNA off-target control group (siRNA-
Neg plus VP-16), suggesting that VP-16 was more efficient to
induce DNA damage in the RB-silenced group (Figure 4c).

RB knockdown disrupted VP-16-induced autophagic
process. It has been postulated that autophagy may be a
resistance mechanism of tumor cells in the presence of an
apoptotic stimulus. For this reason, we decided to investigate
whether VP-16 treatment could induce autophagy in
GBM cells, and whether RB silencing could interfere with it.
As autophagy is a multi-step process43 regulated at different
points, we performed experiments to evaluate separate
stages of this process.
First, we measured the expression of Beclin-1, a marker of

autophagy induction, using starving cells as positive controls.
As shown in Figure 5a, VP-16 treatment increased Beclin-1

Figure 2 RB knockdown increased apoptosis induced by VP-16. (a) Representative images of three independent experiments of TUNEL assay (red) in U87 and GBM95
cells after 24 h of 1mM VP-16 treatment; experimental groups as indicated. Nuclei were stained with DAPI. Arrows indicate TUNEL-positive cells. Scale bar¼ 10mm.
(b) Representative images of three independent experiments of TUNEL assay (red) in OB1 GSCs cells after 24 h of 30 mM VP-16 treatment; experimental groups as indicated.
Nuclei were stained with DAPI. Arrows indicate TUNEL-positive cells. Scale bar¼ 10mm. (c) Percentage of TUNEL-positive U87 (black bars) and GBM95 (white bars) cells
24 h after 1 mM VP-16 treatment; experimental groups as indicated. **Po0.01 and ***Po0.005 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M.
of three independent experiments. (d) Percentage of TUNEL-positive OB1 cells 24 h after VP-16 treatment in each experimental group indicated. ***Po0.005 by ANOVA and
Tukey’s post test. Data are represented as mean and S.E.M. of three independent experiments. (e) Percentage of cleaved caspase-3 positive U87 (black bars) cells 24 h after
1mM VP-16 treatment; experimental groups as indicated. *Po0,05 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M. of three independent
experiments. (f) Representative phospho-p53 (ser 15) immunoblotting for U87 cells 24 h post-VP-16 treatment; experimental groups as indicated. a-Tubulin was used as
loading control
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expression in both non-silenced (siRNA-Neg plus VP-16) and
silenced (siRNA-RB plus VP-16) groups, in the samemanner,
indicating that RB silencing does not alter VP-16-dependent
autophagy induction. Next, we compared the levels of the
lipidated form of microtubule-associated protein 1A/1B-light
chain 3 (LC-3 II), among our experimental groups. In the
autophagic process, LC-3 I is lipidated, becoming LC-3 II,
which is incorporated into autophagosome membranes,
where it is degraded when autophagosomes fuse with
lysosomes to form autophagolysosomes.44 As seen in
Figure 5a, VP-16 treatment increased, in all groups, the level
of LC-3 II, which is detected at B14 kDa. Furthermore,
the level of LC-3 II was higher in the silenced (siRNA-RB plus
VP-16) than in the non-silenced (siRNA-Neg plus VP-16)
group (Figure 5a). This could be due to a higher level of LC3-II
formation, or to a lower level of LC3-II degradation in
autophagolysosomes. As autophagolysosomes are acid
compartments, we compared, through acridine orange label-
ing, the formation of acid vesicles, a final step in autophagic
process.43 As noticed from Figures 5b and c, the increase in
red fluorescence, depicting acid vesicles, is approximately
two times lower in the silenced group (siRNA-RB plusVP-16)
when compared with that of the non-silenced group
(siRNA-Neg plus VP-16) in both cell lines, showing that

VP-16-induced acid vesicle formation is lower in the RB-
silenced group. This result, in conjunction with the accumulation
of LC-3 II, suggests that RB silencing blocks VP-16-induced
autophagic flux in its final steps. Electron microscopy data
corroborates this hypothesis (Figure 5d), as it shows that the
VP-16-induced autophagic vacuoles in the RB-silenced group
(siRNA-RB plus VP-16) are frequently filled with electron
dense material, similar to the cytosol (indicated by
white arrows), possibly representing vacuoles containing
non-degraded material due to autophagic flux blockage. The
non-silenced group (siRNA-Neg plus VP-16) most frequently
presents clear vacuoles (indicated by black arrows), which
could represent vacuoles with total digested content.45

RB knockdown blocked VP-16-induced autophagic flux.
To test whether RB knockdown in fact blocked VP-16-
induced autophagic flux in its final steps, we performed
western blotting experiments to detect p62 levels. This
protein is degraded in autophagolysosomes and, thus, its
accumulation indicates a blockage in autophagic flux.43 Our
results showed that VP-16 treatment induced a significant
reduction of p62 levels in U87 cells (siRNA-Neg plus VP-16),
which is expected when autophagy is induced. On the
contrary, RB knockdown significantly increased p62 levels

Figure 3 RB knockdown increased apoptosis induced by VP-16 in different GBM cell lines. (a) Representative images of three independent experiments of TUNEL assay
(red) using A172, T98G and U373 cells after 24 h of 1 mM VP-16 treatment; experimental groups as indicated. Nuclei were stained with DAPI. Arrows indicate TUNEL-positive
cells. Scale bar¼ 10mm. (b) Percentage of TUNEL-positive A172 (checkered bars), T98G (horizontal striped bars) and U373 (gray bars) cells 24 h after 1 mM VP-16
treatment; experimental groups as indicated. **Po0.01 and ***Po0.005 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M. of three independent
experiments. (c) Representative western Blotting image of three independent experiments, comparing the levels of RB protein between non-silenced (siRNA-Neg) and
silenced groups (siRNA-RB) of A172, T98G and U373 cell lines. a-Tubulin was used as loading control
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(siRNA-RB plus VP-16) (Figures 6c and e), thus confirming
that RB knockdown blocked VP-16-induced autophagic flux.
To test whether the autophagic blockage induced by RB

knockdown would be at the stage of autophagosomes fusion
to lysosomes, we obtained confocal images of double staining
to localize LC3, an autophagosome marker, and LAMP 1, a
lysosome marker. Our results showed that VP-16 treatment
induced the colocalization of LAMP 1 and LC3, and that
RB knockdown decreased this colocalization (Figures 6a, a0

and b). Therefore, RB knockdown blocks VP-16-induced
autophagic flux by somehow inhibiting the fusion of autopha-
gosomes with lysosomes.
It has been shown that p53 induces the expression of

damage-regulated autophagy modulator (DRAM).46 DRAM
is a lysosomal protein that has been shown to regulate
autophagy and is necessary for apoptosis.46 To test whether
DRAM activity is affected by RB knockdown, we performed

western blotting experiments to detect the levels of vaccinia-
related kinase 1 (VRK1), which is downregulated by DRAM,47

as a way to indirectly analyze the activation of DRAM. Our
results showed that VP-16 reduced the levels of VRK1 in U87
cells, and that RB knockdown significantly reduced it even
more (Figures 6d and e). These results are consistent with RB
knockdown increasing VP-16-induced DRAM activation.

Discussion

RB is a classical tumor suppressor owing to its role as a
regulator of G1 to S phase checkpoint; however, novel
functions exerted by this protein are being described
in the literature, including the negative regulation of
apoptosis.18,22–27 Here we showed that RB, even in its
hyperphosphorylated state, when it is inactivated for its
classical cell cycle blocker function, is able to block apoptosis

Figure 4 RB knockdown increased DNA double-strand breaks induced by VP-16. (a) Representative images of three independent experiments of immunofluorescence
staining with anti-gH2AX antibody (red) after 1 h of VP-16 treatment in U87 cells; experimental groups as indicated. Nuclei were stained with DAPI. Scale bar¼ 10mm.
(b) Histogram shows fold changes of red fluorescence intensity (mean red fluorescence/total cell number) over siRNA-Neg control group; after 1 h of VP-16 treatment of U87
(black bars) and GBM95 (white bars) cells; experimental groups as indicated. ***Po0.005 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M. of
three independent experiments. (c) Representative g-H2AX immunoblot of U87 and GBM95 cells 1 h post-VP-16 treatment; experimental groups as indicated. a-Tubulin was
used as loading control
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in GBM cells. This result shows that RB anti-apoptotic function
is independent from its cell cycle function, in accordance with
what Chau et al.28 have shown. Furthermore, the presence of
hyperphosphorylated RB in tumor cells, such as GBM, may
not only allow high rates of cellular proliferation, but also
resistance to therapy. The involvement of RB in VP-16
treatment response inGBMcells has not been explored so far.
Our results showed that RB knockdown increased VP-16-
induced apoptosis in GBMs, as well as in GSCs. It has already
been described that conditional RB knockout increases
susceptibility of MEFs to VP-16-induced cell death.20 Here

we showed that the reduction of RB expression can also
sensitize GBMs and GSCs to VP-16-induced apoptosis,
demonstrating that RB anti-apoptotic function is still main-
tained in these tumor cells. The fact that we also observed this
phenomenon in a recurrent GBM cell line (GBM95)36

increases the potential of clinical translation, as VP-16
treatment is mostly reserved for recurrent GBM patients.6

In this work we also showed that RB knockdown increased
DNA double-strand breaks induced by VP-16 treatment in
GBMcells, suggesting that RB normally blocks VP-16-induced
DNA damage. Bosco et al.48 have shown that RB conditional

Figure 5 RB knockdown impaired VP-16-induced autophagy. (a) Representative Beclin-1 and LC-3 immunoblots for U87 cells 24 h post-VP-16 treatment (1 mM);
experimental groups as indicated. a-Tubulin was used as loading control. Starved cells were used as positive control of autophagy induction. Starvation was induced by
incubating the cells for 3 h in Krebs-Ringer buffer. (b) Graphic shows changes in intensity of red fluorescence (indicating acid vesicles labeled with acridine orange) in U87
(black bars) and GBM95 (white bars) cells after 24 h of VP-16 treatment (1 mM). Changes in red fluorescence were represented as fold increase (mean red fluorescence/total
cell number) over control (siRNA-Neg group); experimental groups as indicated. **Po0.01 by ANOVA and Tukey’s post test. Data are represented as mean and S.EM. of
three independent experiments. (c) Representative images of three independent experiments of acridine orange vital staining of U87 cells after 24 h of 1mM VP-16 treatment;
experimental groups as indicated. Acid vesicles are stained in red and total cells are represented by the nuclear–cytoplasmic green staining. Scale bar¼ 10mm.
(d) Transmission electron microscopy of VP-16-treated cells (1 mM for 24 h) shows the presence of content filled autophagic vacuoles (white arrows) in both non-silenced and
silenced groups (siRNA-Neg plus VP-16 and siRNA-RB plus VP-16 groups, respectively). Although non-silenced cells also show several clear vacuoles of which most of the
content has been degraded (black arrows), RB-silenced cells show mainly content-filled vacuoles (white arrows), possibly indicating autophagic flux blockage. Control cells
(siRNA-Neg) show vacuoles with hardly any content. N, nucleus. Scale bar¼ 6mm
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knockout increases DNA double-strand breaks induced by
cisplatin or camptothecin treatment due to ongoing replication
following chemotherapeutic treatment in RB-deficient cells.
Here we show that this property of RB is also valid for VP-16
treatment and is kept in GBM cells, indicating once again that
the presence of RB in tumor cells can influence the response
to chemotherapy. We believe that an increase in DNA double-
strand breaks, followed by RB knockdown, leads to higher
levels of apoptosis following VP-16 treatment in GBM cells, as
we also observed an increase in p53 phosphorylation at serine
15 residue and in VP-16-induced apoptosis. However, our
results showed that RB knockdown also potentiated VP-16
cytoxicity in the absence of p53 activation, showing that in
different genetic backgrounds RB knockdown may act
differently to increase VP-16-induced apoptosis.
The literature shows that autophagy may serve as a

resistance mechanism in tumor cells, including GBM, as the
pharmacological inhibition of its final steps increases
chemotherapy-induced apoptosis.9–11,13–16 It has been
postulated that upon stress stimuli, autophagy is able to

remove mitochondria that had undergone outer membrane
permeabilization, which would explain autophagy’s role on
apoptosis inhibition.49 Here we showed that RB protein
positively regulates the progression of VP-16-induced autop-
hagic flux in GBM cells, and that at the same time it reduces
VP-16-induced apoptosis. Huang et al.50 have shown that RB
cleavage by caspase and bafilomycin 1, an inhibitor of the
vacuolar type H(þ )-ATPase, treatment had the same effect
on TNF-a-induced cell death, which suggests that RB might
have a role on acidification and/or vesicle trafficking.
However, to our knowledge, this is the first report to show
RB participation in the interplay between autophagy and
apoptosis in the context of tumor resistance to therapy.
Besides, we also show effectively that RB participates in the
process of autophagosome/lysosome fusion.
Our work gives a valuable contribution not only to the

understanding of the molecular mechanisms driving GBM
resistance to VP-16, but also adds molecular regulation
information to the body of knowledge constructed with
numerous works, showing that in a universal manner

Figure 6 RB knockdown blocked VP-16-induced autophagic flux. (a) Representative confocal images of three independent experiments showing LAMP 1 – a lysosome
marker (red) and LC3 – a autophagosome marker (green) colocalization in U87 cells after 24 h of 1mM VP-16 treatment; experimental groups as indicated. Nuclei were stained
with DAPI. Scale bar¼ 20mm. (a0) Higher magnifications of siRNA-Neg plus VP-16 and siRNA-RB plus VP-16 conditions images. Arrows indicate cells with LAMP 1/LC3
colocalization. Arrowheads indicate cells without LAMP 1/LC3 colocalization. Scale bar¼ 20mm. (b) Histogram showing the LAMP1/LC3 colocalization rate in U87 cells after
24 h of VP-16 treatment. Experimental groups as indicated. ***Po0.005 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M. of three independent
experiments. (c) Histogram shows fold changes of p62 levels over siRNA-Neg control group; after 24 h of VP-16 treatment of U87 cells; experimental groups as indicated.
***Po0.005 by ANOVA and Tukey’s post test. Data are represented as mean and S.E.M. of three independent experiments. (d) Histogram shows fold changes VRK1 levels
over siRNA-Neg control group; after 24 h of VP-16 treatment of U87 cells; experimental groups as indicated. *Po0.05 by ANOVA and Tukey’s post test. Data are represented
as mean and S.E.M. of three independent experiments. (e) Representative p62 and VRK1 immunoblots for U87 cells 24 h post-VP-16 treatment; experimental groups as
indicated. a-Tubulin was used as loadisng control
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pharmacological inhibition of autophagic flux improves
chemotherapy-induced apoptosis.51–53

Finally, the study of the molecular regulation of GBM
resistance to VP-16 is of utmost importance, as the effective-
ness of VP-16 treatment is restricted because of its use in
high doses, and consequent side effects, in recurrent GBM
patients.6 Our work gives consistent evidences that the
presence of hyperphosphorylated RB in GBM cells contri-
butes to VP-16 resistance. This information creates the
possibility of the adoption of a low-dosage VP-16 therapy for
patients with non-RB-expressing GBM, providing a more
effective therapy, with fewer side effects. Our results showing
that the U373 cell line, which expresses low levels of RB, is
more sensitive to VP-16 treatment compared with the other
cell lines corroborates this possibility. For RB-expressing
GBM patients, the combination of RB silencing with VP-16
would be one way of improving, in the future, the effectiveness
of the therapy. Currently, there is a clinical trial involving the
use of RNAi in GBM patients, which attests the viability
of RNAi as therapeutic strategy for GBM, despite the need
for improved delivery efficacy.54

Materials and Methods
Cell culture. Human GBM cell lines used were as follows: U87MG, which
does not express the CDK inhibitor p1635 A172 (expresses RB and
wild-type p53); T98G (mutant for p53) and U373MG (expresses low levels of
RB) are originally from (ATCC, Manassas, VA, USA); GBM95 was isolated in our
laboratory through the biopsy of a recurrent GBM tumor.36 All cell lines were
maintained in Dulbecco’s modified Eagle’s medium-F12 (DMEM-F12) (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum. Culture flasks
were kept at 37 1C and 5% CO2.

Non-adherent cultures of human GSCs (OB1),37,38 which express RB and
wild-type p53, were grown as floating spheres in 75 cm2 tissue culture flasks
(2500–5000 cells/cm2), in DMEM-F12 supplemented with B27, N2 and G5
(supplements were purchased from Invitrogen, Carlsbad, CA, USA). Spheres were
dissociated each week with a renewal of two third of the culture medium, as
previously described.55 Cultures were maintained at 37 1C and 5% CO2.

Starvation was induced by incubating the cells for 3 h in Krebs-Ringer buffer
(118 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 4.2 mM NaHCO3,
2 mM CaCl2, 10 mM glucose, 200 mM sulphinpyrazone and 10 mM Hepes, pH 7.4),
as previously described.43

siRNA and transfection. The siRNA targeting RB (siRNA-RB) was
synthesized by Ambion (Austin, TX, USA) (50-GUUGAUAAUGCUAUGUCAA30).50

Fluorescent non-targeting BLOCK-it siRNA (Invitrogen) was used as a
negative control (siRNA-Neg) and to estimate transfection efficiency. Following
normalization, we used the concentration of 30 nM for all siRNAs in further
experiments, as it resulted in 80% transfection efficiency in both cell lines used. For
transient gene silencing, cells displaying B70% confluence were transfected with
siRNAs using RNAi Transfection Reagent (Qiagen, Valencia, CA, USA) according to
the manufacturer’s instructions. After transfection, cells were cultured for 24 h,
followed by treatment with 1mM VP-16 (Instituto Biochimio, Rio de Janeiro, Brazil)
for the indicated periods of time, or prepared for western blotting.

OB1 cells, at the 15th passage, were split as previously described,55 and were
transfected with siRNA-RB or with non-targeting control. OB1 oncospheres were
transiently transfected using the Amaxa Nucleofector Electroporator (Amaxa
Biosystems, Gaithersburg, MD, USA). Briefly, cells were centrifuged (1000 rpm) and
resuspended in 100ml nucleofector solution (Amaxa Biosystems). siRNA (300 nM)
were added to tubes and electroporation was performed using optimal Amaxa
Nucleofector program X-005 (70% transfection efficiency). Twenty-four hours
after transfection, cells were treated with 30 mM VP-16 (Biochimio) or prepared
for western blotting.

Immunoblotting. Proteins from GBM cell lines were extracted in RIPA buffer
(25 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.1% SDS, 150 mM NaCl, 1% NP-40, 1%

sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride) and protease inhibitor
cocktail (Sigma, St Louis, MO, USA). Protein concentration was measured using
Bradford assay. Thirty micrograms of total proteins were loaded on SDS-PAGE
gels, transferred into PVDF membrane and probed with primary antibodies anti-
human RB protein (1 : 1000 – BD Pharmingen, San Diego, CA, USA), anti-RB 851
(1 : 5000),56 anti-H2AX (1 : 1000 – Millipore, Bedford, MA, USA), anti- phospho-
p53 (ser 15) (1 : 1000 – Cell Signaling Technology, Beverly, MA, USA), anti-Beclin-1
(1 : 1000 – Cell Signaling), anti-LC-3 1A/1B (1 : 1000 – Cell Signaling), anti-P62/
SQSTM1 (1 : 1000 – Cell Signaling), anti-VRK1 (1 : 1000 – Cell Signaling) and
anti-a-Tubulin (1 : 10 000 – Sigma) overnight at 4 1C. HRP-conjugated secondary
antibodies (anti-mouse and anti-rabbit, 1 : 3000 – Invitrogen) were incubated
for 2 h at room temperature. Proteins were visualized by using ECL reagents as
recommended by the manufacturer (Thermo, Waltham, MA, USA).

Transmission electron microscopy. Cells were fixed in fixative solution
containing 2.5% glutaraldehyde, 4% paraformaldehyde and 0.1 M sodium
cacodylate buffer pH 7.2 for 2 h at RT. The pellet was then washed twice with
0.1 M cacodylate buffer and post fixed in 1% OsO4 solution in 0.1 M cacodylate
buffer for 40 min at RT. Following three times wash in PBS, the pellet was
dehydrated with ethanol (35–100%; 15 min for each step) and infiltrated overnight
in a mix 2 : 1 ethanol: EPON. The next day, the mixture was changed to 1 : 1
ethanol: EPON for 24 h, and then the sample was embedded in EPON
and placed at 60 1C for 48 h for polymerization. Sections were made using a
Leica Ultramicrotome (Buffalo Grove, IL, USA) at 60 nm, collected using cupper
grids and counterstained with uranyl acetate and lead citrate. Images were taken
using a Zeiss EM900 transmission electron microscope (Zeiss, Oberkochen,
Germany).

Immunofluorescence. Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.25% Triton X-100. Non-specific binding was blocked with 5%
bovine serum albumin and the samples were then incubated with anti-LAMP1
conjugated to Cy3 (Sigma), anti-gH2AX (Millipore), anti-cleaved caspase-3
(Cell Signaling) or anti-LC-3 1A/1B (Cell Signaling) overnight at 4 1C. Cells were
then incubated with anti-mouse ALEXA fluor-594 (Invitrogen), or anti-rabbit
ALEXA fluor-488 (Invitrogen) for 2 h at room temperature. Nuclei were
counterstained with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI).

Fluorescence images were captured with the Nikon Eclipse TE300 microscope
(Nikon do Brasil LTDA, São Paulo, Brazil) equipped with a CoolSNAP-Procf color,
ROPER SCIENTIFICTM Photometrics digital camera (Nikon do Brasil LTDA), or
using a confocal microscope (Leica TCS-SP5) equipped with a � 63 NA 1.40 oil-
immersion objective. Cleaved caspase-3 immunostaining images were captured in
Operetta High Content Imaging System (Perkin Elmer, Waltham, MA, USA) and
quantification of the percentage of cleaved caspase-3-positive cells was done by the
Harmony High Content Imaging and Analysis Software (Perkin Elmer).

To quantify H2AX staining, we used the ratio of fluorescence intensity (Image J
software),57 over the total cell number (DAPI). The ratio obtained in siRNA-Neg
control was used to normalize other experimental groups. Experiments were carried
out in duplicates; for every experimental condition, at least 500 cells were counted.

Cell counting was done by using the Embryonic Stem Cell Counter (ESCC)
software.58

The LAMP 1/LC3 colocalization rate was determined by confocal images using
the software LAS AF (Leica Microsystems, Wetzlar, Germany).

TUNEL assay. TUNEL assay was performed according to manufacturer’s
instructions (In Situ Cell Death Detection Kit, Terminal Red – Roche Applied
Science, Indianapolis, IN, USA). Nuclei were counterstained with DAPI.
Fluorescence images were captured using the Nikon Eclipse TE300 microscope
as above.

TUNEL quantification was done using the percentage of TUNEL-positive cells
relative to total cells (DAPI). Experiments were carried out in duplicates, and for
every experimental condition at least 500 cells were counted.

Cell counting was done by using the ESCC software.58

MTT cytotoxicity assay. For VP-16 dose–response curves, within the last
2 h of VP-16 treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT – Sigma) was added to the media at a final concentration of
0.5 mg/ml. Cells were then resuspended and lysed in dimethyl sulfoxide.
Absorbance was measured at 570 nm. Mean absorbance obtained for control
condition was considered 100% of cell viability.
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Supravital cell staining with acridine orange for acid vesicle
formation. Cytoplasm and nuclei of acridine orange-stained cells normally
fluoresce bright green and dim red, respectively, whereas acidic compartments
fluoresce bright red. The intensity of red fluorescence is proportional to the degree
of acidity.43 Acridine orange solution (1 mg/ml; Sigma) was used to stain cells for
20 min. Images of staining were obtained with the Nikon Eclipse TE300
microscope, as described above. To quantify acid vesicle formation, we used the
ratio of red fluorescence intensity (Image J software)57 over total cell number
(green staining). The ratio obtained for siRNA-Neg condition was used to
normalize other experimental groups. Cell counting was done using the ESCC
software.58

Statistical analysis. GraphPad-Prism software was used to analyze data
and plot curves. Data are represented as mean and S.E.M. ANOVA (analysis of
variance) test and Tukey’s post test were used to determine statistical significance
of difference between data sets. Po0.05 was considered statistically significant.
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