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The human ribosomal P complex, which consists of the acidic ribosomal P proteins RPLP0, RPLP1, and RPLP2 (RPLP
proteins), recruits translational factors, facilitating protein synthesis. Recently, we showed that overexpression of RPLP1
immortalizes primary cells and contributes to transformation. Moreover, RPLP proteins are overexpressed in human
cancer, with the highest incidence in breast carcinomas. It is thought that disruption of the P complex would directly
affect protein synthesis, causing cell growth arrest and eventually apoptosis. Here, we report a distinct mechanism by
which cancer cells undergo cell cycle arrest and induced autophagy when RPLP proteins are downregulated. We found
that absence of RPLP0, RPLP1, or RPLP2 resulted in reactive oxygen species (ROS) accumulation and MAPK1/ERK2
signaling pathway activation. Moreover, ROS generation led to endoplasmic reticulum (ER) stress that involved the
EIF2AK3/PERK-EIF2S1/eIF2a-EIF2S2-EIF2S3-ATF4/ATF-4- and ATF6/ATF-6-dependent arms of the unfolded protein
response (UPR). RPLP protein-deficient cells treated with autophagy inhibitors experienced apoptotic cell death as an
alternative to autophagy. Strikingly, antioxidant treatment prevented UPR activation and autophagy while restoring the
proliferative capacity of these cells. Our results indicate that ROS are a critical signal generated by disruption of the P
complex that causes a cellular response that follows a sequential order: first ROS, then ER stress/UPR activation, and
finally autophagy. Importantly, inhibition of the first step alone is able to restore the proliferative capacity of the cells,
preventing UPR activation and autophagy. Overall, our results support a role for autophagy as a survival mechanism in
response to stress due to RPLP protein deficiency.

Introduction

The large subunit of the ribosome has a lateral protuber-
ance known as the ribosomal stalk that plays an important
role in translation. In eukaryotes, the ribosomal stalk consists
of the acidic ribosomal proteins (RPs) RPLP0, RPLP1 and
RPLP2, with 2 copies of RPLP1 and RPLP2 heterodimers
bound to the C-terminal region of RPLP0 to form a pen-
tameric P complex.1,2 Eukaryotic RPLP1 and RPLP2 proteins
also exist in free form in the cytoplasm, and the exchange
between the ribosome-bound RPLP1 and RPLP2 proteins

and the cytoplasmic pools is thought to regulate the activity
of the ribosome.3

Though the precise biological functions of RPLP proteins are
still unclear, it is known that all RPLP proteins contain a con-
served motif at the C terminus that is involved in the recruitment
of both translation factors and ribosome-inactivation proteins to
the ribosomal stalk.4-6

Whereas most RPs are transported to the nucleus and shaped
into ribosomes, RPLP1 and RPLP2 are located in the
Golgi/endoplasmic reticulum (ER) structure and are assembled
in the cytoplasm in the very last step in ribosome biogenesis.1
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RPLP0, RPLP1, and RPLP2 also have their own specific charac-
teristics on both expression profiling and amino acid composition
analysis compared with the major RP proteins. RPLP protein
genes (RPLP0, RPLP1, RPLP2) are expressed in a tissue-specific
manner and their average frequencies of encoded lysine and argi-
nine are lower than for the main RP genes.7 Additionally,
because only RPLP1 and RPLP2 form dimers, they are also
believed to have gene expression machinery different from that of
the other RP genes. These individual characteristics, together
with earlier experimental evidence in yeast and Drosophila, sug-
gest that RPLP proteins have the potential to carry out extraribo-
somal functions as independent polypeptides.8-10

Strikingly, ribosomal stalk proteins have been linked to several
pathological conditions, including autoimmune diseases and
human malignancies. For example, autoantibodies against the C-
terminal peptide common to RPLP proteins are present in 15%
of systemic lupus erythematosus patients.11 RPLP0 mRNA is
found overexpressed in human colorectal and hepatocellular car-
cinomas, and overexpression of RPLP1 mRNA is observed in
human lymphoid cell lines containing mutated TP53 (tumor
protein p53).12,13 In previous studies, we have reported that
RPLP1 overexpression allows primary mouse embryonic fibro-
blasts to bypass replicative senescence through a TP53/TRP53/
p53-independent mechanism and through the increased activity
of the E2F1 promoter and the upregulation of CCNE1.14 In
addition, we have found that RPLP1 cooperates with KRASG12V

in the malignant transformation of murine NIH3T3 cells.14

More recently, we have reported that RPLP protein expression is
significantly increased in breast, skin, colon, lung, and ovarian
tumors with respect to the corresponding normal tissue. We have
also found positive correlations between the expression of RPLP
proteins and the presence of metastasis in different subtypes of
gynecological cancer.15

Despite mounting evidence of RPLP protein overexpression in
cancer cells and a link between their downregulation and specific
drug responses,16 it remains unknown how RPLP proteins contrib-
ute to these specific cellular changes in human tumors. In the pres-
ent study, we inhibited the P complex in cancer cells and studied
the underlying molecular events that are directly associated with
RPLP protein downregulation, including their potential regulatory
role in cell cycle arrest and their ability to induce autophagy.
Autophagy, while initially considered a cell death mechanism, is
being described, in an emerging body of research, as a survival
response triggered by certain stress conditions.17-20 Importantly,
our data show that RPLP protein knockdown provokes a stress
response in which cells ultimately survive by autophagy and that
there is no role for autophagy in cell death. The possible implica-
tions of these findings in cancer are discussed.

Results

Downregulation of RPLP proteins affects cell proliferation
and cell cycle progression

We have previously reported that RPLP proteins are highly
overexpressed in most (>80%) breast carcinomas (n D 46), as

well as in 61% of colon (n D 35) and ovarian (n D 140) can-
cers, with respect to their corresponding normal tissues.15 To
examine whether the downregulation of RPLP proteins has the
converse effect (i.e., prevents cancer cell growth), we used cancer
cell lines of breast (MCF-7 and MDA-MB-231), colon
(HCT116 TP53¡/¡ and HT-29), and ovarian carcinoma
(OV-90). All siRNAs tested targeting RPLP0, RPLP1, or
RPLP2 genes were able to inhibit the corresponding protein by
>80% (Fig. S1A). Downregulation of each RPLP protein by
siRNA- or shRNA-targeting of the corresponding mRNA,
inhibited cell growth (by approximately 76 § 11%) in all can-
cer cell lines assessed (Figs. 1A and 2A, and Fig. S1B and C).
Similarly, RPLP0, RPLP1, and RPLP2 shRNA decreased colony
formation in the MCF-7 cell line by up to 75 § 4%, 82 §
5%, and 86 § 4%, respectively (Fig. 1B).

As shown in Figure 1C and D (left panel), MCF-7 cells that
were infected with lentiviral particles for the stable targeting of
RPLP0, RPLP1, and RPLP2 genes by shRNA showed decreases
of about 77%, 86%, and 90% in the relative mRNA levels,
respectively, and a similar reduction in the indicated RPLP pro-
tein expression (for RPLP0, RPLP1, and RPLP2: 82%, 84%,
and 76%, respectively) compared with cells receiving the NT
shRNA. Quantification of protein content from Figure 1D (left
panel) is shown in Figure S1D. We also observed a concomitant
reduction in RPLP1 expression upon RPLP2 knockdown. This
is in line with previous work reporting that RPLP2 protects
against the rapid degradation of RPLP1.21

The effect of RPLP protein downregulation on cell cycle dis-
tribution was then studied with flow cytometry after propidium
iodide DNA staining. As observed in Figure 1E, silencing the
RPLP proteins in the MCF-7 cells by shRNA (RPLP0 shRNA,
RPLP1 shRNA, and RPLP2 shRNA) resulted in the specific accu-
mulation of cells in the G2 phase. The highest proportion of cells
arrested at G2 was observed for RPLP2 shRNA (42.2%). These
cells also had the most reduced proportion of cells in progression
through the S phase (1.5%). G1 traversal was unaffected by
RPLP0 shRNA, RPLP1 shRNA, and RPLP2 shRNA. In addi-
tion, neither RPLP0 shRNA, nor RPLP1 shRNA, nor RPLP2
shRNA resulted in increased apoptotic cell death, as indicated by
the small sub-G1 population (Fig. 1E). Similar results were
obtained with MDA-MB-231 and OV-90 cells (data not shown).
These data indicate that efficient downregulation of any of the
RPLP proteins leads to a dramatic decrease in cell proliferation
and a nonapoptotic cell cycle arrest.

RPLP protein re-expression reverts the phenotype provoked
by their downregulation

We have individually knocked down the expression of
RPLP0, RPLP1, and RPLP2 and showed that disruption of any
of the above mentioned proteins decreases cell proliferation and
causes cell cycle arrest (Fig. 1A–E). As RPLP0, RPLP1, and
RPLP2 are part of a functional complex, disruption of any of the
factors might cause the above effect. However, to truly link these
phenomena to RPLP proteins, we have re-expressed RPLP0,
RPLP1, and RPLP2 proteins in their corresponding knockout
cell lines. MCF-7 cells were infected with retroviral particles for
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the stable expression of RPLP0, RPLP1, and RPLP2 genes. The
re-expression of RPLP0, RPLP1 and RPLP2 in such context
reverts the above mentioned phenotype (Fig. 1D, right panel,
and 1F). Thereby RPLP protein deficiency is responsible for the
observed decrease in proliferation and cell cycle arrest.

Inhibition of RPLP proteins induces autophagy in cancer
cells

Our next question concerned cell death. MCF-7 cells stably
expressing RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA
were trypsinized, counted, and stained with trypan blue to mark
dead cells. RPLP0 shRNA-, RPLP1 shRNA-, or RPLP2 shRNA-
expressing cells had similar numbers of dead cells to the control
cells (NT shRNA) (Fig. S2). Therefore, our results suggest that

cell death was not a consequence of the downregulation of each
RPLP protein. To confirm that the observed inhibition of prolif-
eration did not correspond to apoptosis, an ANXA5/annexin V
assay coupled to flow cytometry was performed. As observed in
Figure S3A, MCF-7 cells expressing RPLP0 shRNA, RPLP1
shRNA, or RPLP2 shRNA had similar numbers of early and late
apoptotic events as the control cells (NT shRNA). Accordingly,
increases in condensed and fragmented nuclei were not observed
by fluorescence microscopy in these cells after staining with
Hoechst 33258 (Fig. S3B). These data, in combination with the
absence of PARP1 (poly ADP-ribose polymerase 1) cleavage
(Fig. S3C), the absence of significant differences in the cell cycle
profile in the sub-G1 cell population among RPLP0 shRNA-,
RPLP1 shRNA-, or RPLP2 shRNA-expressing cells compared

Figure 1. RPLP protein downregulation induces cell growth arrest. (A) Growth curves of MCF-7 cells stably expressing a control non-target shRNA vector
(NT shRNA), or shRNA vectors targeting the RPLP0, RPLP1, or RPLP2 genes (RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA, respectively) with the 3T3 proto-
col.67 The black arrow represents the recovery point from the drug selection. The data presented are the mean §SD of 3 independent experiments. *,
P � 0.05. (B) Colony formation assay. MCF-7 cells were stably infected with the indicated shRNA vectors (as in A), and were plated at a density of 3,000
cells/well. After 20 d, cells were fixed and stained with a crystal violet solution. Only MCF-7 cells expressing NT shRNA were able to form a high number
of colonies. All experiments were performed 3 times (n D 3). (C) Relative mRNA levels of RPLP0, RPLP1, and RPLP2 in MCF-7 cells expressing NT shRNA,
RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA vectors, related to parental MCF-7 control cells (mRNA levels set as 1). Data indicate mean values §SD. *,
P � 0.05 versus NT shRNA. The bottom figures represent the corresponding expression of RPLP0, RPLP1, and RPLP2 proteins in MCF-7 cells expressing
NT shRNA, RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA. (D) Left panel, western blot analysis of RPLP0, RPLP1, and RPLP2 expression levels in lysates of
MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or control NT shRNA vector. ACTB was used as a loading control. Right panel represents
the protein levels of RPLP0, RPLP1, and RPLP2 after their overexpression in their corresponding knock down cell lines as indicated in the figure. O/E, over-
expression. (E) Cell cycle profiles of MCF-7 cells after transfection. Cells transfected with RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA were
stained with propidium iodide and the effect on cell cycle progression was monitored with FACS analysis. *, P � 0.05. (F) Growth curves of MCF-7 cells
stably expressing a control non-target shRNA vector (NT shRNA), or shRNA vectors targeting the RPLP0, RPLP1, or RPLP2 genes (RPLP0 shRNA, RPLP1
shRNA, or RPLP2 shRNA, respectively) plus the cDNA of RPLP0, RPLP1 and RPLP2 in each case. The black arrows represent the recovery point from the
double drug selection.
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with NT shRNA-expressing cells (Fig. 1E), and the lack of an
increase in the number of dead cells (Fig. S2) indicated that
RPLP protein deficiency does not cause cell death.

As we previously found that RPLP1 overexpression bypasses
replicative senescence in primary cells,14 we hypothesized that
the absence of RPLP1 or its partners RPLP0 and RPLP2 could
inhibit proliferation by inducing senescence. However, none of
the cells with downregulated RPLP proteins had increased senes-
cence-associated b-galactosidase activity compared with NT
shRNA controls (Fig. S4A). The absence of apoptosis and senes-
cence was also observed in MDA-MB-231 and OV-90 cells with
downregulated expression of RPLP0, RPLP1, or RPLP2 (data
not shown).

Cells can undergo nonapoptotic cell death that is accompa-
nied by large-scale autophagic vacuolization.17 To determine
whether downregulation of RPLP proteins induces autophagy,
LC3-II levels were analyzed by western blot.22 The results
showed that downregulation of RPLP proteins induced a clear
increase in LC3-II levels in MCF-7, MDA-MB-231, and OV-90
cells (Fig. 2B). As LC3-I can change independently of LC3-II
conversion, LC3-II levels were quantified versus ACTB/b-actin
and a clear increase was detected (Fig. S4B).23,24 These results
were confirmed with a different shRNA targeting RPLP0, RPLP1
and RPLP2 (Fig. S4C). Additional markers of autophagy such as
levels of SQSTM1/p62 degradation were analyzed.25,26 Indeed,
SQSTM1 degradation occurred in cells induced to express
RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA vs. NT shRNA-
expressing cells (Fig. 2B). Autophagy was further confirmed in
these cells by the observation of a marked increase in acridine
orange staining of cytoplasmic intracellular acid vesicles
(Fig. 2C). Moreover, to detect the presence of autophagic fea-
tures by other methods, MCF-7 cells were transfected with a
GFP-LC3 plasmid and further induced to express RPLP0
shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA.27 LC3
immunocytochemistry shows a punctate pattern in the cytoplasm
when autophagy is induced.28 We observed that in control cells,
GFP-LC3 was equally distributed in cytosolic pools. However,
upon RPLP protein inhibition, GFP-LC3 was recruited to phag-
ophore membranes, as indicated by the punctate pattern that was
hardly detected in control cells. Results are shown in MCF-7 cells
expressing 2 independent shRNAs for each RPLP protein
(Fig. S5A). Quantification of the punctate pattern indicative of
LC3-II aggregation in autophagosomes is shown (Fig. S5B). In
addition, BECN1/Beclin 1 is essential for the initial steps of
autophagy.29,30 Therefore, BECN1 immunocytochemistry was
performed in MCF-7 cells depleted of RPLP0, RPLP1, and
RPLP2, and compared with control cells. Visualization of these
cells under a fluorescence microscope revealed the presence of
punctate staining that was indicative of BECN1 induction, con-
firming the presence of autophagy in MCF-7 cells depleted of
RPLP0, RPLP1, or RPLP2 proteins (Fig. 2D). Quantification of
the positive cells for BECN1 is shown (Fig. 2D, right panel).

To confirm the presence of autophagy by morphological fea-
tures, transmission electron microscopy (TEM) was performed.19

The presence of autophagosomes, autolysosomes, and other signs
of autophagy after fixation and examination of cells stably

expressing RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA
was analyzed and compared with that of NT shRNA-expressing
cells. Clear signs of autophagy were detected in RPLP protein-
deficient cells (Fig. 3A and B).

Finally, we tested the ability of autophagy inhibitors in our
cells. First, 3-methyladenine (3-MA), an autophagy inhibitor
that acts at early steps of the autophagy pathway, was used.31 The
increased levels of LC3-II induced by downregulation of RPLP0,
RPLP1, or RPLP2 in MCF-7 cells could be reversed by treat-
ment with 3-MA, suggesting that autophagy was indeed induced
(Fig. 4A). Quantification of LC3-II vs. ACTB demonstrated
that LC3-II abundance does not change in these cells following
3-MA treatment (data not shown). However, cell proliferation
did not improve (Fig. S4D). With western blotting, we found an
increased cleavage of PARP1 in 3-MA-treated cells and a decrease
in proCASP6/procaspase-6 proteins, both manifestations of apo-
ptosis (Fig. 4A). Treatment of MCF-7 cells deficient for RPLP0,
RPLP1, or RPLP2 with 3-MA led to cytoplasmic shrinkage and
a switch from cytoplasmic to nuclear sequestration of acridine
orange staining. Results were analyzed by confocal microscopy
with samples counterstained with Hoechst (Fig. 4B). Further
indications of apoptosis by changes in cell morphology were
observed (Fig. 4B). Additional signs of apoptosis were only
observed in RPLP protein-deficient cells treated with 3-MA and
not in cells with tamoxifen (OHT)-induced autophagy and
treated identically with 3-MA (data not shown).

Accumulation of autophagosomes could either indicate
increased autophagic flux or defective autophagy.22 Therefore,
we examined if there was sufficient autophagic flux upon RPLP
protein knockdown. Autophagic flux is crucial in determining
whether the autophagic cargo and assembly finally reaches the
lysosomes and is subsequently degraded. One of the ways to
determine autophagic flux is by pretreatment with the lysosomal
inhibitor of autophagy chloroquine (CQ),22 prior to the efficient
knockdown of each RPLP protein. Lysosomal inhibitors increase
LC3-II formation, partly by blocking autophagosomal-lysosomal
fusion. Therefore, we investigated the effect of lysosomal inhibi-
tion on RPLP protein knockdown-induced LC3-II formation. In
the presence of 10 mM of CQ, increased time- and dose-depen-
dent expression of LC3-II conversion was found (Fig. 5A and
data not shown). Our results showed that CQ increased LC3
turnover in MCF-7 cells at 24 and 48 h, indicating that effective
autophagy was initiated and preceded to lysosomal rupture. This
result is in agreement with the fact that CQ inhibits a late stage
of the autophagy pathway. Moreover, cells treated with CQ die
by apoptosis, as observed by PARP1 cleavage and a decrease in
the proCASP6 form (Fig. 5A). Proteolysis of PARP1 correlates
with the increased nuclear DNA fragmentation and strongly sug-
gests apoptosis.32,33 Accordingly, PARP1 accumulation in the
nucleus was observed (Fig. 5B) and quantified (Fig. S4E). More-
over, since levels of LC3 processing and SQSTM1 degradation
are dynamically regulated by autophagic flux,25 autophagy flux
assays in the presence of protease inhibitors (e.g., pepstatin A
plus E64) were performed. Addition of pepstatin A/E64 in cells
downregulated for RPLP0, RPLP1, or RPLP2, resulted in a
greater increase of LC3-II and diminishes the degradation of
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SQSTM1 in comparison with untreated cells (DMSO) indicat-
ing that autophagic degradation is prevented. This result shows
that the absence of each RPLP protein induced the formation of
autophagosomes (Fig. 5C). Furthermore, autophagy-related pro-
tein ATG7 is thought to be essential for mammalian autoph-
agy.34 To assess the role of ATG7 in the induction of autophagy
by RPLP protein knockdown, RNAi-mediated silencing of
ATG7 was performed. Inhibition of ATG7 prevented LC3-II
accumulation induced by RPLP protein knockdown. Results
from 2 independent siRNAs against ATG7 mRNA are shown
(Fig. 5D). Moreover, inhibition of ATG7 rescued MCF-7 cells
from the autophagic phenotype by causing apoptotic cell death
(Fig. 5B and D, and Fig. S4E).

Taken together, these data provide strong evidence that
autophagy occurs upon RPLP protein inhibition. These observa-
tions suggest that RPLP0, RPLP1, or RPLP2 deficiency causes
cell cycle arrest accompanied by autophagy that is probably at
excessive levels. Moreover, because disruption of autophagosome

or lysosome formation with the use of early and late stage
autophagy inhibitors (3-MA and CQ, respectively), blocks signs
of autophagy, and because cell death occurs by apoptosis, our
results suggest that in this scenario autophagy lies as a survival
response upstream of apoptotic cell death.

Effect of RPLP protein depletion on translation efficiency
Because RPLP proteins comprise the ribosomal stalk and seem

to have an essential role in the recruitment of translational fac-
tors,35 it was pertinent to examine how deficiency of the different
RPLP proteins affects the ribosomal structure, assembly, or func-
tion. The polysome profiles of RPLP protein-deficient cells were
not different from those of NT shRNA-expressing cells for the
peaks representing the small ribosomal subunit (40 S), large ribo-
somal subunit (60 S), and monosome (80 S) (Fig. S6A, left
panel). The use of DTT as UPR activator and thapsigargin (Tg)
as a translation inhibitor verified that in RPLP protein-deficient
cells translation is not compromised (Fig. S6A, right panel).

Figure 2. RPLP protein downregulation induces autophagy in breast and ovarian cancer cell lines. (A) Numbers of MCF-7, MDA-MB-231, and OV-90 cells
after transfection with RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA vector at the 3rd d of selection with puromycin. *, P � 0.01. The data are
the mean§SD of 3 independent experiments. (B) Representative immunoblot for autophagy, which is characterized by the conversion of LC3-I (cytosolic
form) into LC3-II (autophagosome membrane-bound form), and SQSTM1. Note the decrease of SQSTM1 protein and the increase in LC3-II levels com-
pared with ACTB in MCF-7, MDA-MB-231, and OV-90 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA vector at 72 h after transfec-
tion. (C) Acridine orange staining of MCF-7, MDA-MB-231, and OV-90 cells stably expressing shRNAs (as in A). Cells treated with 2.5 mM OHT for 4 d were
used as a positive control for acidic vesicles, in particular the autolysosomes characteristic of autophagy. (D) MCF-7 cells expressing RPLP0 shRNA, RPLP1
shRNA, RPLP2 shRNA, or NT shRNA vector were incubated with BECN1 antibody and then analyzed using a fluorescence microscope. Arrows signal the
punctate staining indicating BECN1 expression. Positive staining was scored in 100 cells, with error bars indicating mean values §SD. *, P � 0.05.
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Confluent cells were also included as a control of translation inhi-
bition (Fig. S6A, right panel). In NT shRNA-expressing cells,
»48.7% of RNA was in polysomes, a value that was similar
upon RPLP0, RPLP1, or RPLP2 inhibition (Fig. S6B). More-
over, the average number of ribosomes per translated transcript
(mRNAs containing 2 or more ribosomes) was not altered and
the relative ribosomal content did not decrease, thus indicating a
maintained equilibrium between ribosomes and subunits (Fig.
S6C and D). To corroborate these results with a different tech-
nique, we measured global protein synthesis by [35S]-met radio-
activity incorporation. Protein synthesis was not significantly
altered upon RPLP0, RPLP1, or RPLP2 inhibition (Fig. S6E;
*, P < 0.05). These results suggest that overall translation is not
compromised by RPLP protein inhibition.

Inhibition of RPLP proteins inducing autophagy is
accompanied by UPR activation

Autophagy can be induced in response to nutrient starvation,
protein aggregation, damaged organelles, hypoxia, calcium

overload, or ER stress.36 The ER stress response is mediated by 3
receptors located in the ER membrane: EIF2AK3/PERK
(eukaryotic translation initiation factor 2-a kinase 3), ATF6/
ATF-6 (activating transcription factor 6), and ERN1/IRE1
(endoplasmic reticulum to nucleus signaling 1).37 We found that
RPLP0, RPLP1, and RPLP2 protein deficiency leads to increased
phosphorylation of EIF2AK3 and its downstream targets,
EIF2S1/eIF2 a (eukaryotic translation initiation factor 2 a) and
ATF4/ATF-4 (activating transcription factor 4) (Fig. 6A). These
results were confirmed with a different shRNA targeting RPLP0,
RPLP1 and RPLP2 mRNAs (Fig. 6A). The expression of ATF6
was also upregulated in RPLP protein-deficient cells, whereas
alterations in the ERN1 branch of the UPR were not observed
(Fig. 6A, and Fig. S7A). These results suggest that RPLP pro-
teins cause ER stress that is associated with the activation of the
EIF2AK3, ATF4, and ATF6 branches of the UPR.

Next, key regulators of autophagy and related proteins were
studied, including MTOR (mechanistic target of rapamycin),
AKT1 (v-akt murine thymoma viral oncogene homolog 1),

Figure 3. Detection of autophagy by TEM. (A) MCF-7 cells were induced to express the indicated shRNAs. After selection with puromycin for 3 d, cells
were fixed and examined. High power magnification at the indicated scale revealed autophagosomes (arrow heads) and autolysosomes (black arrows),
features characteristic of autophagic cells. The white arrow (RPLP0 shRNA) indicates a double-membrane structure engulfing a putative defective mito-
chondria that resembles an incipient phagophore. N, nucleus; M, mitochondria; ER, endoplasmic reticulum; G, Golgi apparatus. Scale bar: 0.5 mm. (B)
Quantifications are based on counting autophagic vacuoles in the field of view. The values are the mean § S.D. of 3 independent experiments. *,
P � 0.05.
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MAPK11/12/13/14 (mitogen-activated protein kinase 11, 12,
13, and 14), TP53, and CDKN1A/p21WAF1 (cyclin-dependent
kinase inhibitor 1A).36 Downregulation of RPLP0, RPLP1, or
RPLP2 in MCF-7 cells led to a reduction in the amount of
MTOR and AKT1 phosphorylation, as well as the downregula-
tion of TP53 and its downstream effectors (e.g., CDKN1A)
(Fig. 6A, and data not shown). In contrast, MAPK1/ERK2 phos-
phorylation increased in the RPLP protein-deficient cells
(Fig. 6A) without changes in the activation of MAPK11/12/13/
14 (data not shown).

To identify specific autophagy mediators, we compared the
expression of these modulators in RPLP0 shRNA-, RPLP1
shRNA-, and RPLP2 shRNA-MCF-7s, both with and without
treatment with the autophagy inhibitor 3-MA (Fig. 6A and B).
3-MA is a potent class III phosphatidylinositol 3-kinase
(PtdIns3k) inhibitor that inhibits the AKT1-MTOR pathway.38

Accordingly, we observed that treatment of RPLP protein-

deficient cells with 3-MA resulted in complete inhibition of
MTOR phosphorylation and a decrease in AKT1 phosphoryla-
tion. We also observed TP53 upregulation and ATF6 downregu-
lation. In addition, the phosphorylation levels of MAPK1
decreased to that of the control (NT shRNA) and parental cells
(Fig. 6A and B). Lastly as we observed that inhibition of autoph-
agy with 3-MA blocks EIF2AK3 phosphorylation even though
EIF2S1 phosphorylation and ATF4 expression were unchanged,
we explore if other kinase such us EIF2AK4 is also involved in
the process. We did not observe any change in EIF2AK4 protein
in cells where RPLP0, RPLP1 or RPLP2 protein was downregu-
lated (Fig. S7B).

Overall, our data indicate that the autophagic response to
RPLP protein inhibition is linked to ER stress/UPR activation. In
addition to MTOR, a key modulator of autophagy control,39 our
data suggest that MAPK1 phosphorylation may also have a rele-
vant role in the autophagy induced by RPLP protein deficiency.

Figure 4. Inhibition of autophagy in cells with downregulated RPLP protein expression induces apoptosis. (A) Representative immunoblot of LC3, PARP1
cleavage, and proCASP6 in MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA vector, in the absence (DMSO) or presence of
10 mM 3-MA for 48 h. ACTB was used as a loading control. Note the presence of PARP1 cleavage and the decrease in proCASP6 in MCF-7 cells treated
with Sts and also in MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, and RPLP2 shRNA compared with control cells (NT shRNA) following treatment
with 3-MA (as in A), indicative of apoptosis. (B) Acridine orange staining counterstained with Hoechst in MCF-7 cells expressing RPLP0 shRNA, RPLP1
shRNA, RPLP2 shRNA, or NT shRNA vector, in the absence or presence of 10 mM 3-MA (as in A). Representative confocal microscopy images of control
(DMSO) RPLP protein-deficient cells with punctate staining of autophagosomes (left part). The acridine orange cytoplasmic pattern is blocked by the
autophagy inhibitor 3-MA (on the right), resulting in acridine orange-positive nuclear staining and morphological changes that are characteristic of apo-
ptosis. Scale bar: 20 mm.
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Inhibition of RPLP proteins induces striking changes in
protein expression

To further analyze the specific molecular changes induced by
RPLP0, RPLP1, or RPLP2 absence, we performed comparative
proteome analyses with 2-dimensional (2-D) gel electrophoresis
and mass spectrometry (LCMSMS and TOF/TOF). Statistical
analysis revealed common proteins affected by RPLP protein
downregulation (Table S1). The most deregulated proteins were
identified by sequencing (Fig. 7A). Out of the most significantly
deregulated proteins, except for one corresponding to the mini-
chromosome maintenance complex component 7 MCM7, the
rest appeared upregulated following RPLP0, RPLP1, and RPLP2
knockdown (Table S1 and Fig. 7A). Among the most upregu-
lated proteins, in decreasing order of significance and as further
confirmed by western blot, were: TXN (thioredoxin), KRT17
(keratin 17), HSPB1 (heat shock protein 27kDa protein 1),

G6PD (glucose-6-phosphate dehydrogenase), and HSPA1A
(heat shock protein 70kDa protein 1A) (Fig. 7A and B).

The UPR caused by RPLP protein deficiency is activated by
ROS induction

TXN, which was the most significantly deregulated protein in
the RPLP protein-deficient MCF-7 cells, is a protein that neu-
tralizes the effect of oxidative damage. Therefore, we hypothe-
sized that oxidative damage would be altered in our cells. To
determine whether oxidative damage occurred in our cells, the
presence of ROS levels, as a read-out of oxidative damage, was
analyzed by flow cytometry. ROS levels were detected upon
RPLP protein inhibition at similar levels to those provoked by
H2O2, a strong oxidizing agent that induces ROS (Fig. 7C).
Moreover, RPLP protein inhibition was associated with mito-
chondrial depolarization (Fig. 7D).

Figure 5. Autophagy inhibition triggers apoptotic cell death. (A) MCF-7 cells were treated at different time points with CQ, an autophagy inhibitor that
prevents the fusion of the autophagosome with the lysosome to form the autolysosome, a late stage in the autophagy cascade. At 24 h and 48 h, CQ
was able to prevent autophagy in MCF-7 cells depleted of RPLP0, RPLP1, or RPLP2 while stimulating apoptosis, as observed by the decrease in proCASP6
and the presence of the cleaved PARP1 form characteristic of apoptosis. (B) Immunofluorescence of PARP1 staining in MCF-7 cells treated with ATG7
siRNA with deletion of the indicated RPLP protein. Staining in control cells (NT shRNA) was concentrated in the nucleus (acting as a reservoir). In MCF-7
cells depleted of each RPLP protein (RPLP0, RPLP1, or RPLP2), PARP1 staining was diffuse throughout the nucleus. The morphological appearance of cells
treated with CQ is also shown. (C) Addition of E64/pepstatin A in cells depleted of RPLP0, RPLP1 or RPLP2 proteins results in a greater increase of LC3-II
and diminishes the degradation of SQSTM1. (D) Effect of 2 ATG7 siRNAs on LC3-II conversion, proCASP6, and the cleaved PARP1 form in MCF-7 cells
depleted for the indicated RPLP protein vs. control cells (NT shRNA) and Sc siRNA. These results indicate that ATG7 siRNA is able to avoid the autophagic
phenotype by stimulating apoptosis.

1506 Volume 11 Issue 9Autophagy



Since high ROS levels correlated with the presence of mito-
chondrial damage, the contribution of ROS and p-MAPK1, as
potential key players in UPR induction and autophagy, was fur-
ther studied in our cells. For this experiment, we inhibited ROS
levels with N-acetyl-L-cysteine (NAC) and MAP2K1 (the direct
MAPK1 activator) with U0126 inhibitor. Effective inhibition of
ROS and p-MAPK1 was verified by western blot (data not
shown). Remarkably, NAC treatment almost completely
reversed (by »90%) the autophagic phenotype in MCF-7 cells
with downregulated expression of RPLP0, RPLP1, and RPLP2,
as shown by the absence of autophagosomes and autolysosomes
by using TEM (Fig. 8A and B). In contrast, MAPK1 inhibition
did not rescue the autophagic phenotype (Fig. 8A and B). Con-
comitant inhibition of ROS and p-MAPK1 reversed the auto-
phagic phenotype, similar to that observed following ROS
inhibition alone (Fig. 8A and B). These results were confirmed

by LC3-II conversion and acridine orange staining in the indi-
cated cell lines (Fig. 8C and Fig. S8). Moreover, NAC treat-
ment in cells with downregulated expression of RPLP0, RPLP1,
or RPLP2 was able to revert cell cycle distribution previously
observed (Fig. S9). To understand whether the observed reversal
in the phenotype following treatment with NAC or NAC plus
U0126 also involved a downregulation of the UPR, the expres-
sions of ATF4, ATF6, p-EIF2S1, and p-EIF2AK3 proteins were
analyzed by western blot. The results obtained in cells treated
with NAC and NAC plus U0126 were consistent with the
decreased activation of EIF2AK3, p-EIF2S1, ATF4, and ATF6
(Fig. 9). In contrast to NAC inhibition, the effect of MAPK1
inhibition was negligible.

These results indicate that the contribution of ROS levels
upon downregulation of each RPLP protein is crucial for the gen-
eration of an autophagic response potentially mediated by UPR.

Figure 6. Upregulation of proteins related to the UPR and autophagy. MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA vec-
tors, untreated (DMSO) (A) or treated (B) with the autophagy inhibitor 3-MA (10 mM), were immunoblotted for the indicated proteins (phospho- or total).
Expressions of p-EIF2AK3, p-EIF2S1, p-MTOR, p-AKT1, and p-MAPK1 were compared with those of total proteins (EIF2AK3, EIF2S1, MTOR, AKT1, and
MAPK1, respectively). Expressions of ATF4, ATF6, and TP53 were compared with those of ACTB (used as a loading control). Parental MCF-7 cells treated
with Sts (2 mM) were used as a control for apoptosis.
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RPLP protein deficiency involves a sequence of events that
results in autophagy

It was unclear if RPLP protein knockdown simply activates
ROS, UPR, and autophagy at once as a stress reaction or if these
events follow a hierarchical order. To determine how ROS, ER
stress, and autophagy are related processes upon RPLP protein
inhibition, MCF-7 cells were transduced with scrambled (Sc)
siRNA and siRNAs against RPLP0, RPLP1, and RPLP2.

Specifically, we used the siRNAs from which the lentiviral vectors
were initially constructed (see Materials and Methods). First, we
studied ROS levels at 12, 24, and 48 h after transfection. At
12 h, when evidence of RPLP protein inhibition was clear
(Fig. S1A), ROS levels started to accumulate at very low concen-
trations, before further increasing (Fig. 10). At 12 h, there was
no evidence of ER stress or UPR activation as there was no
increase in ATF4, ATF6, p-EIF2S1, or p-EIF2AK3 protein levels

Figure 7. Mitochondrial depolarization and redox state perturbed in MCF-7 cells stably expressing RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA vectors.
(A) RPLP0 shRNA-, RPLP1 shRNA-, and RPLP2 shRNA-associated alterations in the levels of proteins that are upregulated by a factor of 1.5 or more in MCF-
7 cells. Only portions of the 2D gel images are shown in each case (spots relevant to HSPB1, TXN, G6PH, and HSPA1A are highlighted with black circles).
The right panel summarizes the proteins that were found to have the most significantly deregulated expression levels out of the 70 differentially
expressed proteins (Table S1). (B) Western blotting analysis confirming the upregulation of the proteins identified in (A) as the most significantly
deregulated proteins in MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, or RPLP2 shRNA with respect to controls expressing the NT shRNA vector.
ACTB was used as a loading control. (C) Enhanced ROS generation after downregulation of RPLP0, RPLP1, or RPLP2 protein in MCF-7 cells. The percen-
tages of DCFH-DA fluorescence represent the levels of intracellular O2

¡, as described in the Materials and Methods section. Parental MCF-7 cells treated
with H2O2 were used as positive controls. Results were confirmed in 3 independent experiments (n D 3). Significant results were found for RPLP0, RPLP1,
and RPLP2 deficient cells in comparison to control cells with *, P � 0.05. (D) Flow cytometry-based evaluation of the change in the mitochondrial poten-
tial with the 7-AAD red fluorescent dye from the MitoPotential Red Kit. MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA
vector and parental MCF-7 cells untreated or treated with 2 mM Sts for 3 h (positive control) were stained following the manufacturer’s instructions, as
described in the Materials and Methods. Quadrant gates were set up on the control cells and applied to the Sts-treated cells and cells expressing the dif-
ferent shRNAs. RPLP0 shRNA, RPLP1 shRNA, and RPLP2 shRNA samples are shown. The positive control treated with Sts underwent a change in mitochon-
drial potential that is shown in the graph as a downward shift in Red2 fluorescence and was quantified as the percentage of cells in the lower left
quadrant. RPLP0 shRNA, RPLP1 shRNA, and RPLP2 shRNA samples do not show cell death, as shown by the few cells with an increase in red fluorescence.
Results were confirmed in 3 independent experiments (n D 3). Significant results were found for RPLP0, RPLP1 and RPLP2 deficient cells in comparison
to control cells with *, P � 0.05.
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(Fig. 11A). At 12 h, signs of autophagy were also absent in cells
with downregulated RPLP proteins in comparison with NT
shRNA-expressing cells, with a lack of LC3-II conversion
(Fig. 11A and data not shown). The levels of these UPR-related
proteins appeared to further increase at 24 and 48 h (Fig. 11A).

To observe the effect of ER stress/UPR inhibition on ROS
levels and autophagy, we inhibited p-EIF2AK3 by using 2 differ-
ent strategies. First, p-EIF2AK3 inhibition was performed with
an siRNA approach, and verified by RNA and protein content
(data not shown). Concomitant transfection of p-EIF2AK3
siRNA with the siRNA of each RPLP protein gene was per-
formed and compared with Sc siRNA. p-EIF2AK3 inhibition
did not influence ROS accumulation at 24 h after transfection
(Fig. S10). At other time points, ROS levels were unaltered com-
pared with control cells (data not shown). Moreover, depletion of
p-EIF2AK3 decreased the activation of its target genes: EIF2S1,
ATF4, and ATF6 in RPLP protein-deficient cells vs. control cells
(ATF6 is also influenced by p-EIF2AK3)40 (data not shown).

The second strategy involved the p-EIF2AK3 inhibitor
GSK2606414.41 The effect of the drug was tested in MCF-7 cells
at different concentrations and time points to verify the optimal
conditions for efficient inhibition of p-EIF2AK3 without cyto-
toxicity (data not shown). Furthermore, MCF-7 cells were
induced to express RPLP0 shRNA, RPLP1 shRNA, RPLP2
shRNA, and control shRNA (NT shRNA) and treated for 24 h
with 1 mM and 10 mM of GSK2606414. Cell cycle profile and
apoptosis were studied by flow cytometry. We observed that
GSK2606414 did not change the autophagic phenotype and did
not induce cell cycle arrest or apoptosis compared with control
(untreated) cells (Fig. S11 and data not shown). Overall, our
results suggest that the biological processes that result from inhi-
bition of each RPLP protein follow a sequential order: first ROS,
then UPR, and finally autophagy. Moreover, UPR inhibition
does not change the autophagy fate or replace it with apoptosis
(Fig. 11B, Figs. S10 and S11). We propose a model in which
ROS activates autophagy rapidly and efficiently by UPR

Figure 8. ROS-mediated autophagy in MCF-7 cells with downregulated RPLP proteins. (A) TEM analysis of MCF-7 cells expressing RPLP0 shRNA, RPLP1
shRNA, RPLP2 shRNA, or NT shRNA vector, untreated or treated with 20 mM NAC, 10 mM U0126, or NAC plus U0126, as described in the Materials and
Methods section. The lack of signs of autophagy such as autophagosomes (arrowheads) and autolysosomes (black arrows) are features of RPLP0 shRNA,
RPLP1 shRNA, and RPLP2 shRNA samples treated with NAC, an ROS scavenger. Scale bar: 0.5 mm. (B) Quantifications are based on counting autophagic
vacuoles in the field of view. The values are the mean§ S.D. of 3 independent experiments. *, P � 0.05. (C) Western blot analysis of the LC3-II conversion
form compared with ACTB in samples treated as in (A).
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Figure 9. Downregulation of proteins related to the UPR in NAC-treated MCF-7 cells with downregulated RPLP proteins. Western blot analysis of the indi-
cated UPR-related proteins in MCF-7 cells expressing RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA, or NT shRNA vector, treated as in Figure 8. Expressions of
p-EIF2AK3 and p-EIF2S1 were compared with those of EIF2AK3 and EIF2S1 total proteins, respectively. Expressions of ATF4 and ATF6 were compared with
those of ACTB.

Figure 10. ROS accumulates gradually in MCF-7 cells with downregulated RPLP proteins. (A) MCF-7 cells were transduced with the indicated siRNAs and
analyzed for the presence of ROS levels at 12, 24, and 48 h after transfection. (B) The graph represents results from (A). Note that ROS levels accumulate
gradually in RPLP protein-depleted cells to reach 18 to 28%.
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activation. However, in UPR-defective cells, ROS is still able to
stimulate autophagy by alternative pathways that may involve
MAPK1 activation or MTOR inhibition (Fig. 11C).

Discussion

Although the structural organization of RPLP0, RPLP1, and
RPLP2 proteins when forming the ribosomal stalk has been
intensively investigated, little is known of the biological roles of
these molecules. The importance of RPLP proteins inhibition
yields in the fact that their downregulation might have impor-
tant therapeutic consequences in cancer, particularly in

hormone-dependent tumors.16 Moreover some proteins such as
ricin are natural RPLP protein inhibitors.42 The present study
demonstrates that the downregulation of RPLP0, RPLP1, or
RPLP2 in human cancer cells leads to cell cycle arrest, with the
cells ultimately surviving via autophagy. Interestingly, the defi-
ciency of RPLP0, RPLP1, or RPLP2 RPs does not affect the
monosome and polysome profiles. No abnormalities in ribo-
somal function, overall protein synthesis, or mRNA translation
were detected. These observations are in line with a previous
study showing that concomitant inhibition of RPLP1 and
RPLP2 in human cells does not result in significant changes in
mRNA translation and protein synthesis.21,43 In particular,
these authors do not observe a significant reduction in the

Figure 11. UPR- and autophagy-related proteins during ROS accumulation in MCF-7 cells with downregulated RPLP proteins. (A) MCF-7 cells were trans-
duced with the indicated siRNAs (treated as in Fig. 10) and analyzed for the expression of p-EIF2AK3, p-EIF2S1, ATF4, ATF6, and LC3-II conversion. (B)
Effect of EIF2AK3 inhibition by treatment with EIF2AK3 inhibitor GSK2606414 (10 mM) on p-EIF2AK3, ATF4, ATF6, LC3, and PARP1 proteins. ACTB was
used as a loading control. (C) Proposed model for autophagy activation in stress-related conditions due to RPLP protein deficiency. Black arrows repre-
sent the preferred option used by ROS to activate autophagy. In a UPR-defective context, other pathways might operate alternatively to stimulate
survival by autophagy (dashed arrows).
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number of viable cells. This difference from our results might
be due to methodological reasons (the inducible system they
employed) and/or the cell types used. Indeed, the study was per-
formed in human embryonic kidney (HEK-293T) cells and
derived subclones. The kidney is reported to be one of the
human tissues with the lowest gene expression levels for RPLP0,
RPLP1, and RPLP2 proteins. This is in contrast to breast and
ovarian cancers where RPLP protein levels are consistently upre-
gulated with respect to the normal counterparts.7 Moreover,
similar results have been recently described by us in an in vivo
knockout model of the RPLP1 protein where overall protein
synthesis is not affected.44 Overall, our data support the notion
that RPLP proteins might have extraribosomal functions, which
appear in stress-related conditions.

The absence of any of the RPLP proteins in the breast cancer
cell lines MCF-7 and MDA-MB-231, the colon cancer cell lines
HCT116 TP53¡/¡ and HT-29, and the ovarian cancer cell line
OV-90 has drastic consequences for cell proliferation, with the
cells entering cell cycle arrest and showing autophagic features.
Interestingly, inhibition of autophagy provokes apoptosis. In
addition to the evidence of autophagy induction in this system
from the results obtained with TEM, LC3 expression, and acri-
dine orange staining; the autophagy inhibitor treatment and the
fact that ATG7 silencing effectively suppresses autophagy con-
firms that RPLP protein inhibition provokes an autophagic
response. Overall, our results confirm that there is no role for
autophagy in cell death, removing any possibility that cell death
occurs by excessive autophagy.

The autophagy induced by the deficiency of RPLP proteins
was likely to be triggered by the accumulation of misfolded pro-
teins because ER stress and the consequent cascade of reactions
related to the UPR were activated. The activation of the ER stress
response involved the p-EIF2AK3 and ATF6 branches of the
UPR, but not the ERN1, and is independent of the L11-L23-
L5-S7-TP53-MDM2 axis. As previously reported,45 the ERN1
signaling pathway is preferentially triggered as a cellular response
to low levels of ER stress. In contrast, activation of EIF2AK3
and/or ATF6 is reported to occur when the stress is acute or
severe enough to require more than a moderate increase in the
level of ER chaperones.46 The cellular stress induced by the
absence of RPLP0, RPLP1, or RPLP2 must be so severe that
the cell defense mechanism triggers a prosurvival response,
flipping the switch to apoptosis if autophagy is inhibited.

Ribosomal stress has been reported to couple the UPR to
TP53-dependent cell cycle arrest.47 Certain RPs can be released
into the nucleoplasm and bind to MDM2, leading to TP53 sta-
bilization and activation.48-50 Our data show that TP53 is not
activated in response to RPLP0, RPLP1, or RPLP2 depletion
and it is not responsible for the G2/M cycle arrest that occurs
after RPLP protein downregulation because the cells that do not
express active TP53 (RPLP protein-deficient MDA-MB-231 and
HCT116 TP53¡/¡) also arrest in G2/M and undergo autophagy.
However, the increase in TP53 and CDKN1A is probably
responsible for the apoptosis that is specifically induced in RPLP
protein-deficient MCF-7 cells treated with 3-MA. These RPLP
protein-deficient cells have high levels of intracellular ROS, and

it is recognized that deregulation of the cellular redox state can
impact the levels and activity of TP53.51,52 Higher levels of ROS
appear to be part of a feed-forward loop that stabilizes TP53,
which may occur in MCF-7 cells treated with 3-MA, resulting in
increased TP53 activity that interferes with mitochondrial func-
tion and/or integrity, and eventually contributes to cell death.53

Recent research reveals that autophagy is activated by TP53 and
members of the MAPK11/12/13/14 family.54,55 Moreover, the
PIK3CA-AKT1-MTOR pathway suppresses autophagy.56 How-
ever, the role of all of these proteins in autophagy is complex as
they are also involved in apoptotic cell death.56-59 Accordingly,
we also found a striking MTOR and AKT1 downregulation with
3-MA treatment that results in cell death.

Our results suggest that the survival response driven by
autophagy generated by RPLP protein downregulation is triggered
by ROS. High ROS levels might also contribute to HSP activa-
tion (i.e., HSPA1A and HSPB1), similar to that which occurs
under other stress conditions.60 Our results are in agreement with
those of Wong et al.,61 who report that autophagic induction can
occur via ROS production. Moreover, we showed that there is the
following sequence of events: first ROS accumulation, which trig-
gers the UPR response, and finally autophagy. ROS inhibition
alone is able to reverse the stress in these cells and restore the stan-
dard growth conditions without signs of autophagy activation as a
survival response. However, UPR inhibition does not change the
fate of the cells that still experience autophagy. We hypothesize
that in such a case a different pathway than UPR activates the
autophagy triggered initially by ROS (Fig. 11C).

Our results suggest that RPLP proteins have potential extrari-
bosomal functions related to the maintenance and/or restoration
of ER homeostasis, a process that occurs outside the ribosome
but within the ER compartment. This is supported by a recent
report where RPLP1 protein deficiency is associated with the acti-
vation of proteins related with protein folding and UPR.44 To
our knowledge, the present research is the first report that stresses
the importance of RPLP proteins for cell survival in human cells,
as deficiency of RPLP0, RPLP1, or RPLP2 leads to cell cycle
arrest accompanied by autophagy. The UPR activation and the
drastic autophagic phenotype caused by the absence of RPLP
proteins can be reversed by an ROS scavenger. This indicates
that the redox imbalance is the central event leading to autophagy
and cell cycle arrest in cancer cells depleted of RPLP0, RPLP1, or
RPLP2. Moreover, our results suggest that MAPK1 can act as a
sensor molecule of ribosomal stress, and is potentially able to
contribute to the autophagic response if UPR is inhibited.

The role of autophagy in cancer is complex. Although some
studies indicate that autophagy inhibition by drug treatment or
genetic downregulation of autophagy genes sensitizes cancer cells
to death, there is increasing evidence that supports the view that
autophagy also suppresses tumor growth.62,63 The pro-oncogenic
or tumor suppressor function of autophagy is likely to be con-
text-dependent. With respect to cancer cells where downregula-
tion of RPLP proteins is induced, the upregulation of autophagy
by ER stress that ultimately leads to cell survival represents a
mechanistic view of how autophagy can be exploited in cancer
strategies. In support of this concept, we have previously reported
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that RPLP proteins seem to play an important role in breast can-
cer, which agrees with previous research from other research
groups concerning RPLP proteins in tumorigenesis.15,16,64-66

The fact that the overexpression of RPLP proteins in cancer can
be potentially related to a defect in autophagy suggests that trans-
lational approaches of autophagy-based therapies should be con-
sidered. For example, it would be very interesting to explore if
the antiproliferative effect of gonadotropin-releasing hormone
analogs that inhibit RPLP1 and RPLP2 is linked to an autopha-
gic response.16 If so, downregulation of RPLP proteins and
enhanced autophagy may be useful for improving cancer
responses to therapy.

Materials and Methods

Cell lines and antibodies
MCF-7, MDA-MB-231, HeLa, OV-90, HT-29, and HEK-

293T cells were obtained from American Type Culture Collec-
tion (ATCC, HTB-22, HTB-26, CCL¡2, CRL-11732, HTB-
38, CRL-11268 respectively). HCT116 TP53¡/¡ cells were a
gift from B. Vogelstein (The John Hopkins Oncology Center,
Baltimore, MD).

MCF-7, MDA-MB-231, HeLa, OV-90, HT-29, and HCT116
TP53¡/¡ cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Lonza, L01102–500) supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml strepto-
mycin. HEK-293T cells were cultured in DMEM/F12 (Lonza, BE
12–615F) with 10% FBS (Lab Clinics, 51810–500) and 2 mM L-
glutamine (Lab Clinics, X0550–100). The cells were maintained
in a humidified atmosphere of 5% CO2 at 37

�C.
Antibodies were obtained or purchased from the following

sources: rabbit polyclonal anti-G6PD, rabbit polyclonal anti-
MAPK1, rabbit polyclonal anti-PARP1, mouse monoclonal
anti-TXN, rabbit polyclonal anti-ATF6, and rabbit polyclonal
anti-ATF4 from Santa Cruz Biotechnology (sc-373886, sc-154,
sc-7150, sc-365658, sc-22799, sc-22800); rabbit polyclonal anti-
phospho-MAPK1, rabbit polyclonal anti-phospho-AKT1, mouse
monoclonal anti-AKT1, rabbit polyclonal anti-phospho-MTOR,
rabbit polyclonal anti-MTOR, rabbit polyclonal anti-phospho-
EIF2S1, rabbit polyclonal anti-EIF2S1, rabbit monoclonal anti-
phospho-EIF2AK3, rabbit monoclonal anti-EIF2AK3, mouse
monoclonal anti-HSPB1, and rabbit polyclonal anti-HSPA1A
from Cell Signaling Technology (9101, 3787, 2920, 2971,
2972, 9721, 9722, 3179, 3192, 2402, 4873); rabbit polyclonal
anti-LC3, rabbit polyclonal anti-RPLP0, rabbit polyclonal anti-
RPLP1, and mouse polyclonal anti-ACTB from Sigma-Aldrich
(L7543, HPA003512, HPA003368, A5616); rabbit polyclonal
anti-RPLP2 from Abgent (AP9327a); mouse monoclonal
anti-TP53 from Dako (N1581), rabbit monoclonal proCASP6
from Novus Biologicals (EP1325Y), rabbit polyclonal anti-
BECN1 from Sigma-Aldrich (B6186), rabbit polyclonal
anti-SQSTM1 from Sigma-Aldrich (P0067), rabbit polyclonal
anti-EIF2AK4 from Cell Signaling Technology (3302) and goat
anti-rabbit Alexa Fluor 667 from Life Technologies (A21244).

siRNA
The following Ambion Silencer predesigned small interfering

RNAs (siRNAs) (Ambion, AM16708A) were used: RPLP0
siRNA1 CCCUGAAGUG CUUGAUAUC and RPLP0 siRNA2
CGGGUACAAA CGAGUCCUGtt for the specific targeting of
RPLP0 mRNA; RPLP1 siRNA1 GGAGAAGAAA GUGGA-
AGCA, RPLP1 siRNA2 GGAGUCUGAU GAUGACAUGtt,
and RPLP1 siRNA3 GGAGUCUGAA GAUGACAUGtt for
RPLP1; and RPLP2 siRNA1 GGAGGAGUCU GAAGAGUCA,
RPLP2 siRNA2 GGUUAUCAGU GAGCUGAAUtt,
and RPLP2 siRNA3 GGAGUCUGAA GAGUCAGAUtt for
RPLP2 mRNA, ATG7 siRNA1 CGCUUAACAU UGGAGUU-
CAG and ATG7 siRNA2 GUGUUUAUGA ACUGCCAGGU
(Ambion, AM16708), and EIF2AK3 siRNA CAACAAGAAU
AUCCGCAAAtt (Ambion, AM4390824). Controls consisted of
Silencer negative control siRNA (Sc) (Ambion, AM4611) and
Silencer positive control Cy3-labeled GAPDH siRNA (Ambion,
AM4623).

MCF-7, MDA-MB-231, HCT116 TP53¡/¡, HT-29, HeLa,
and OV-90 cells were plated in 12-well plates and grown to 50
to 60% confluence, followed by serum starvation for 16 h. Cells
were transfected with siRNAs (100 nM) in the presence of Lipo-
fectamine 2000 reagent (Life Technologies, 1248311). Three
independent siRNAs for each RPLP protein gene were tested for
each transfection versus control siRNAs. MCF-7 cells were plated
in 6-well plates and concomitantly transduced with EIF2AK3
siRNA plus the siRNAs corresponding to each RPLP protein
gene vs. EIF2AK3 siRNA plus Sc siRNA as control. In all cases,
transfection efficiency was »80 to 90%, as indicated by the Cy3-
labeled siRNA (data not shown). After transfection, cells were
harvested at 24 h, 48 h, and 72 h for additional analysis. The
efficiency of the siRNA silencing was assessed with total RNA
from all samples, which was converted to cDNA, and analyzed
with quantitative real-time PCR (qRT-PCR) with TaqMan�

Gene Expression Assays (see RNA extraction and quantitative
real-time PCR section). All experiments were performed in tripli-
cate, and representative results are reported.

Lentiviral constructs and transduction
For lentiviral transduction, RPLP0 siRNA1 (CCCUGAA-

GUG CUUGAUAUC) and RPLP0 siRNA2 CGGGUACAAA
CGAGUCCUGtt targeting RPLP0, RPLP1 siRNA1 (GGA-
GAAGAAA GUGGAAGCA) and RPLP1 siRNA2 GGAGUCU-
GAU GAUGACAUGtt targeting RPLP1, and RPLP2 siRNA1
(GGAGGAGUCU GAAGAGUCA) and RPLP2 siRNA2
GGUUAUCAGU GAGCUGAAUtt targeting RPLP2 -selected
for their highest levels of transcript reduction- were cloned into
the pLKO.1-puro backbone (Sigma-Aldrich, SHC001) to obtain
the following short hairpin RNA (shRNA) vectors: RPLP0
shRNA, gatccGCCCT GAAGTGCTTG ATATCTTCAA
GAGAGATATC AAGCACTTCA GGGTTTTTTA
CGCGTg; RPLP1 shRNA, gatccGGAGA AGAAAGTGGA
AGCATTCAAG AGATGCTTCC ACTTTCTTCT
CCTTTTTTAC GCGTg; and RPLP2 shRNA, gatccGGAGG
AGTCTGAAGA GTCATTCAA GAGATGACTC TTCA-
GACTCC TCCTTTTTTA CGCGTg. A nontargeting shRNA
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vector, NT shRNA (Sigma-Aldrich, SHC002), was used as a
control for lentiviral infections.

For the production of lentiviral particles, HEK-293T cells
were cotransfected with pCMV-dR8.91 dvpr, pCMV-VSV-G
(kindly provided by Prof. D. Trono, Ecole Polytechnique
F�ed�erale de Lausanne, Lausanne, Switzerland), and RPLP0,
RPLP1 or RPLP2-pLKO.1 shRNA with JetPei (Genycell
Biotech, 101–05). The supernatant was collected 48 h after
transfection and concentrated by ultracentrifugation in Centri-
con Plus-100 filters (Millipore, 831826).

Cloning of RPLP0, RPLP1, and RPLP2 genes
Total RNA was isolated from normal human mammary tissue

(see RNA extraction section). Further the coding region corre-
sponding to human RPLP0, RPLP1 and RPLP2 genes was
obtained by PCR amplification using the Superscript III-One
Step kit (Invitrogen, 12574–030). The primers used were: for
RPLP0 FORWARD: TGGAAGTGAATTCGTCTTTAA-
ACCCTGC, REVERSE: TAAAACTCGAGAAGTTGGTTGC,
for RPLP1 FORWARD: TCGGGAATTCCGAGGAAGC,
REVERSE: CAGCTTTTTCTCGAGCATG and for RPLP2
FORWARD: ACGCGTGAGAATTCTCCG, REVERSE:
TAAAAAGGCTCGAGTTGCAGGGGAGC. The enzymes
used for the cloning were EcoRI (inserted in the Forward primer;
New England Biolabs, R3101) and XhoI (inserted in the Reverse
primer; New England Biolabs, R0146) and the vector used for
their expression in human cells was pMaRx as previously
reported.14 After cloning, results were confirmed by sequencing
(data not shown).

Lentiviral/retroviral infection and cell treatments
For the generation of stable cell lines with downregulated

expression of RPLP0, RPLP1, and RPLP2, MCF-7 cells were
infected with viral particles at a 1:4 dilution in the presence of
8 mg/ml polybrene (Sigma-Aldrich, 107689). After 24 h, cells
harboring the RPLP0 shRNA, RPLP1 shRNA, RPLP2 shRNA,
or NT shRNA cassettes were selected in the presence of puromy-
cin (1.5 mg/ml; Sigma-Aldrich) for 3 d. Expression of the con-
structs was confirmed by fluorescence microscopy and western
blotting. For stable expression of the RPLP0, RPLP1 and RPLP2
proteins, MCF-7 cells were infected by retrovirus as described.14

For additional analysis (as indicated in the text and figures),
puromycin-selected cells were plated, grown for 36 h, and treated
with 2 mM DTT (Sigma-Aldrich, D9779) for 1.5 h; 1 mM
taxol (Sigma-Aldrich, T1912) for 3 days; 2.5 mM OHT (Sigma-
Aldrich, T5648) for 4 days; 0.75 mM doxorubicin (Sigma-
Aldrich, D1515) for 2 h; 10 mM 3-MA (Sigma-Aldrich,
M9281) for 48 h; 10 mM CQ (Sigma-Aldrich, C6628) for
12 h, 24 h, and 48 h; 10 mM MAP2K1 inhibitor U0126
(Sigma-Aldrich, U120) for 15 h; 20 mM NAC (Sigma-Aldrich,
A7250) for 48 h; 2 mM staurosporine (Sts; Sigma-Aldrich,
S5921) for 3 h; 1 mM and 10 mM EIF2AK3 inhibitor
GSK2606414 (VWR International, 516535) for 24 h; 100 mg/
ml cycloheximide (CHX; Sigma-Aldrich, C1988) for 4 h;
and a combination of the lysosomal enzyme inhibitors E64

(Sigma-Aldrich, E3132) at 10 mg/ml and pepstatin A (Sigma-
Aldrich, P5318) at 10 mg/ml for 24 h.

Growth curves
MCF-7, MDA-MB-231, HeLa, OV-90, HCT116 TP53¡/¡,

and HT-29 cells were seeded at 1 £ 106 cells/10-cm plate after
siRNA transfection or shRNA infection and selection. In cells
transfected with siRNA, proliferation was determined by a trypan
blue (Sigma-Aldrich, T8154) exclusion test. Cells were harvested
after transfection with siRNA on d 3, 6, and 9. Following a 3 to
5 min incubation in trypan blue, the viable cells were counted
under a microscope.

In the case of cells expressing shRNA, cells were counted every
3 d and seeded at the same density as that indicated by the 3T3
protocol.67 The relative number of cells was considered a measure
of the number of cells per passage related to the initial number of
cells seeded per plate. In addition, duplicates were stained with
crystal violet (Sigma-Aldrich, HT90132) at each passage,
destained with 10% acetic acid (Sigma-Aldrich, A6283), and
quantified at 595 nm to count relative cell numbers.

To assess cell proliferation by another method, colony forma-
tion assays were performed. Once cells were infected and selected
with puromycin, cells were seeded at a density of 0.3 £ 104 cells/
per well in a 6-well plate. Cells were continuously cultured, and
growth media was changed every 3 d. After 20 d, cells were fixed
with 0.5% glutaraldehyde (Sigma-Aldrich, G5882), stained with
crystal violet, and cell proliferation was assessed by observing the
appearance of the growing colonies.

RNA extraction and quantitative real-time PCR
Cells were collected by centrifugation and total RNA was iso-

lated with the RNeasy Mini Kit (Qiagen, 74104) following the
manufacturer’s instructions. Random primers of the Revert Aid
H Minus cDNA Synthesis Kit (Fermentas, K1631) were used to
carry out cDNA synthesis from 1.5 mg of total RNA according
to the manufacturer’s instructions. RPLP0, RPLP1, and RPLP2
expression was detected with the TaqMan Gene Expression Assay
(Applied Biosystems, Hs99999902_m1, Hs01653088_g1, and
Hs01115130_g1, respectively). An ABI PRISM 7000 instrument
(Applied Biosystems, Foster City, CA, USA) was used to perform
the relative quantification analysis. Data were analyzed with the
7000 Sequence Detection Software, v.1.2.3 (Applied Biosys-
tems). The PCR cycling program consisted of denaturing at
95�C for 10 min and 40 cycles at 95�C for 15 s, and annealing
and elongation at 60�C for 1 min. The PCR was performed in
triplicate and 2 different probes for assessing endogenous mRNA
levels were used: ACTB/BETA-ACTIN (Hs99999903_m1;
Applied Biosystems) and POLR2A (Hs00172187_m1; Applied
Biosystems).

Western blot analysis
Cultured cells were washed in phosphate-buffered saline (PBS;

Labs Clinics, X0515–500) and lysed on ice for 15 min in lysis
buffer containing 50 mM HEPES-NaOH, pH 7.4, 1% NP-40
(Sigma-Aldrich, 9016–45–9), 10% glycerol, 150 mM NaCl,
1.5 mM MgCl2, 1 mM EDTA, protease inhibitors cocktail

1514 Volume 11 Issue 9Autophagy



(Sigma-Aldrich, P2340), and phosphatase inhibitors cocktail
(Millipore, 524625–1SFT). Cell lysates were centrifuged at
15,000 £ g for 30 min at 4�C and the supernatant fraction was
collected. The protein concentrations were determined with a
Bradford assay (Bio-Rad, 500–0006), and equivalent amounts of
protein were denatured, resolved by SDS-PAGE (6–12%), and
transferred to PVDF membrane (Millipore, 88518). The mem-
branes were blocked for 1 h in 5% nonfat dry milk in Tris-buff-
ered saline (50 mM Tris-Cl, ph 7.6, 150 mM NaCl), 0.1% (v/v)
Tween-20 (TBST) (Sigma-Aldrich, P9416) before an overnight
incubation at 4�C with primary antibodies. HRP-conjugated sec-
ondary antibodies were incubated at room temperature (RT) for
1 h (Cell Signaling Technology, anti-rabbit 7074 and anti-
mouse 7056). Proteins were detected with an enhanced chemilu-
minescence kit (Millipore, 345818) according to the man-
ufacturer’s instructions.

Analysis of senescence
Senescence-associated b-galactosidase (SA-b-gal) activity68

was determined with a Senescence b-galactosidase commercial
assay following the manufacturer’s instructions (Cell Signaling
Technology, 9860).

Detection of apoptosis
Apoptosis was determined by studying morphological changes

in the nuclear chromatin of cells stained with Hoechst 33258
(bisbenzimide; Sigma-Aldrich, 861405). Cells were fixed for
10 min in 4% paraformaldehyde and permeabilized for 2 min in
100% ethanol. Following 2 washes with PBS, cells were incu-
bated in TBST buffer containing 0.1 mg/ml Hoechst 33258 for
10 min at RT. The results were expressed as the percentage of
apoptotic cells over the total number of cells counted. Similar
results were obtained in at least 3 independent experiments.
Analysis of apoptotic cells was also performed with the ANXA5/
annexin V-FITC Apoptosis Detection Kit (eBioscience,
88–8007–72) according to the manufacturer’s instructions. Sam-
ples were analyzed with a FACSCalibur flow cytometer (BD
FACSCaliburTM, BD Biosciences, San Jose, CA, USA). For each
cell line, 20,000 cells were collected and analyzed with the FCS
Express Software.

Apoptosis induction was also evaluated according to the
cleaved status of PARP1 on western blot.

Detection of autophagy
To detect acidic vesicular organelles, including the autolyso-

somes that are characteristic of autophagy, cells were stained with
acridine orange as described previously.22 Cells were seeded in
round coverslips, washed with PBS, and mounted in a micro-
scope slide where a suspension of 1 mg/ml of acridine orange
(Sigma-Aldrich, A6014) was applied. Cells were viewed under a
fluorescent microscope Olympus IX71 (OLYMPUS IBERIA, S.
A.U., Barcelona, Spain). The distinctive red staining that is due
to acridine orange staining of autolysosomes in the cytoplasm
was considered indicative of late autophagy. At least 200 cells
were counted for each treatment. Three independent experiments
were performed. Autophagy evaluation was also performed using

a confocal microscope Olympus FV1000 (OLYMPUS IBERIA,
S.A.U., Barcelona, Spain) in cells stained with both acridine
orange and Hoechst. Autophagy induction was also evaluated
according to LC3-I conversion to LC3-II by immunoblotting as
previously described.36 Autophagy was also detected by confocal
microscopy by using 2 different approaches: (a) BECN1 immu-
nocytochemistry in cells expressing RPLP0 shRNA, RPLP1
shRNA, RPLP2 shRNA, and NT shRNA; and (b) transfection of
MCF-7 cells with a GFP-LC3 plasmid. Transfected cells were
sorted by flow cytometry and then induced to express RPLP0
shRNA, RPLP1 shRNA, RPLP2 shRNA, and NT shRNA.
Finally, autophagy was evaluated by using TEM as previously
described.19

Cell cycle analysis
For DNA content analysis, cells were harvested after treat-

ment. One million cells were fixed in 70% ethanol for 15 min at
¡20�C. Afterward, cells were treated with 100 mg/ml RNase A
(Sigma-Aldrich, R4875) and stained with 50 mg/ml of propi-
dium iodide (Sigma-Aldrich, 81845). DNA content was analyzed
on a FACSCalibur flow cytometer (BD Biosciences). For each
cell line, 20,000 cells were collected and the percentage of cells in
each phase of the cell cycle was determined with the FCS Express
Software.

Protein synthesis measurement
Cells were washed twice with PBS and incubated for 2 h with

DMEM without methionine (Invitrogen, 21013–024) and sup-
plemented with 10% dialyzed FBS (Invitrogen, 26400–044).
Afterward, cells were incubated for 30 min in the same medium
supplemented with 50 mCi/ml [35S]-methionine (PerkinElmer
Life Sciences, NE6709A500UC). The cells were then washed
3 times with ice-cold PBS, lysed for protein extraction, and the
protein was precipitated with trichloroacetic acid (Sigma-Aldrich,
91228) and acetone (Sigma-Aldrich, 650501). The total radioac-
tive isotope incorporation was measured with liquid scintillation
counting and normalized to cpm/mg total protein. A positive
control involved cells treated with 100 mg/ml of CHX (Sigma-
Aldrich, C4859) for 4 h.

Reverse transcription PCR analysis of XBP1 mRNA splicing
Total RNA was extracted for cDNA synthesis. To detect

human unspliced and spliced XBP1 mRNA, PCR was performed
with the primers 50-CTG GAA CAG CAA GTG GTA GA-30

and 50-CTG GGT CCT TCT GGG TAG AC-30 as described
previously.69 Unspliced (XBP1, 398 bp) and spliced (XBP1-s,
424 bp) XBP1 fragments were separated on 2% agarose gels,
stained with ethidium bromide (Sigma-Aldrich, E7637), and
photographed (Bio-Rad Fluor-S Multimager).

Analysis of polysomes
The number of ribosomes within the polysomal mRNA frac-

tion (mRNA containing 2 or more ribosomes) is a reflection of
de novo protein synthesis. Ribosome profiles were prepared from
a total of 2 £ 107 MCF-7 cells at 80% confluence, which were
washed with ice-cold PBS containing 100 mg/ml CHX to block
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ribosomes in the elongation step. Cells were lysed with buffer A
(15 mM Tris-HCl, pH 7.4, 80 mM KCl, 5 mM MgCl2, and
100 mg/ml CHX) containing 1% (v/v) Triton X-100 (Sigma-
Aldrich, T8787), 40 U/ml RNasin (Promega, N2114), and pro-
tease inhibitors (Sigma-Aldrich, P2340). Cytoplasmic extracts
were obtained after centrifugation at 15,000 £ g for 30 min at
4�C. They were loaded on to a linear 10 to 50% (w/v) sucrose
gradient in buffer A and then centrifuged at 192,072 x g in an
SW40 Ti rotor (Beckman Coulter, Brea, CA, USA) for 2 h at
4�C. Gradients were fractionated by upward displacement with
87% (v/v) glycerol in an ISCO density-gradient fractionator.
Absorbance at 260 nm was monitored continuously with an
ISCO UA-5 UV monitor (Teledyne ISCO, Lincoln, NE, USA).
The overall translation efficiency, the average number of ribo-
somes per mRNA, and the relative ribosome content were calcu-
lated as described previously.21

Intracellular ROS detection
ROS was detected by DCFH-DA (5–6-chloromethyl-20,70-

dichlorodihydrofluorescein diacetate, acetyl ester; Molecular
Probes, C10491) as described previously.70 Briefly, cells were
loaded with 10 mmol/L DCFH-DA in PBS for 30 min at 37�C
in 5% CO2. Cells were washed in PBS and measured immedi-
ately for the formation of the fluorescent-oxidized derivative of
DCFH-DA at an excitation wavelength of 488 nm and an emis-
sion wavelength of 525 nm on a FACSCalibur flow cytometer
and FCS Express Software. For each sample, at least 10,000
events were analyzed in each of 3 independent experiments.

Mitochondrial assay
The Millipore FlowCellectTM MitoPotential Red Kit (Milli-

pore, FCCH100105) was used to determine the percentage of
cells with a depolarized membrane potential in culture. Cells
with an intact mitochondrial membrane potential show high
Red2 fluorescence (emission, 650 nm), whereas cells with an
impaired mitochondrial membrane potential show a lower Red2
fluorescence. The assay was performed following the man-
ufacturer’s instructions. Briefly, cells were collected and resus-
pended at 1 £ 106 cells/ml in 1X HSC Assay Buffer (Millipore,
4700–1325). For every 100 ml of cells in suspension, 100 ml of
MitoPotential Red Working Solution was added. Cells were
incubated for 15 min at 37�C in a CO2 incubator. After incuba-
tion, cells were centrifuged and washed with 1X HSC Assay
Buffer. Seven-AAD reagent (5 ml; Sigma-Aldrich, A9400) was
added to the samples before immediate acquisition on a FACS-
Calibur flow cytometer equipped with 488 nm and 633 nm
lasers.71

2-D electrophoresis and mass spectrometry
Sample preparation

Control MCF-7 cells (NT shRNA) and MCF-7 cells express-
ing shRNAs for RPLP0, RPLP1, and RPLP2 vectors were lysed
by the addition of 400 ml of lysis buffer (7 M urea [Sigma-
Aldrich, U6504], 2 M thiourea [Sigma-Aldrich, T8656], 4%
CHAPS [Life Technologies, 28300], 30 mM Tris, pH 8.5). The
mixture was sonicated 8 times for 10 s on ice and then

centrifuged at 12,000 £ g at 4�C for 3 min. Each protein extract
(100 ml) was further purified by a modified TCA-acetone precip-
itation kit (2-D-CleanUp kit; GE Healthcare, 80–6484–51) and
finally resuspended in lysis buffer. Protein concentration was
determined by using the Bio-Rad RCDC Protein Assay (Bio-
Rad, 500–0112-MSDS).

Two-dimensional differential in-gel electrophoresis (2D-DIGE)
A pool consisting of equal amounts of each of the samples

analyzed in the DIGE experiment was prepared as an internal
standard for quantitative comparisons. Tissue samples were
labeled with Cy3 (GE Healthcare, 25–8010–83) or Cy5 (GE
Healthcare, 25–8010–85 cyanine dyes, whereas the internal stan-
dard pooled sample was labeled with Cy2 dye (GE Healthcare,
25–8010–82). The 2D-DIGE was performed using GE Health-
care reagents and equipment (GE Healthcare). First-dimension
IEF was performed on IPG strips (GE Healthcare, 17–6002–44)
(24 cm; linear gradient pH 3–10) by using an Ettan IPGphor
system (Amersham Biosciences, 80–6414–02). Second-dimen-
sion SDS-PAGE was run by overlaying the strips on 12.5% iso-
cratic Laemmli home made gels (24 cm £ 20 cm) (Bio-Rad,
161–0158), cast in low fluorescence glass plates, on an Ettan
DALTsix system (Amersham Biosciences, 80–6485–27). Gels
were run at 20�C at a constant power of 2.5 W/gel for 30 min
followed by 17 W/gel until the bromophenol blue tracking
front reached the end of the gel. Fluorescence images of
the gels were acquired on a Typhoon 9400 scanner (GE Health-
care, Freiburg, Germany, 63–0055–78). Cy2, Cy3, and Cy5
images were scanned at 488 nm/520 nm, 532 nm/580 nm and
633 nm/670 nm excitation/emission wavelengths, respectively,
at a 100-mm resolution. Image analysis and statistical quantifica-
tion of relative protein abundances were performed using Pro-
genesis SameSpots v2.0 software (NonLinear Dynamics,
Newcastle, UK).

Protein identification
Protein spots of interest were excised from the gel using an

automated Spot Picker (GE Healthcare, 18–1145–28). In-gel
trypsin digestion was performed using autolysis-stabilized trypsin
(Promega, V5280). Tryptic digests were purified using ZipTip
microtiter plates (Millipore, ZPC180010). MALDI-MS (matrix-
assisted laser desorption/ionization mass spectrometry) analysis
of tryptic peptides was performed on an Autoflex Speed TOF-
TOF Instrument (Bruker Daltonics, Bremen, Germany). Sam-
ples were prepared using a-cyano-4-hydroxy-cinnamic acid as a
matrix on anchor-chip targets (Bruker Daltonics, 209512). Cali-
bration was performed in the external mode using a peptide cali-
bration standard kit (Bruker Daltonics, 222570). The spectra
were processed using Flex Analysis 3.0 software (Bruker Dalton-
ics). Peak lists were generated using the signals in the m/z 800 to
4000 region, with a signal-to-noise threshold of greater than 3.
The SNAP algorithm included in the software was used to select
the monoisotopic peaks from the isotopic distributions observed.
After removing m/z values corresponding to usually observed
matrix cluster ions, an internal statistical calibration was applied.
Peaks corresponding to frequently seen keratin and trypsin
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autolysis peptides were then removed. The resulting final peak
list was used for the identification of the proteins by peptide
mass fingerprinting. Mascot 2.2 program (Matrix Science Ltd.,
London, UK) was used to search the SWISS-PROT 55.4 data-
base, limiting the search to human proteins (19,630 sequences).
The search parameters were as follows: trypsin cleavages exclud-
ing N-terminal to proline, one or 2 missed cleavages allowed, car-
bamidomethylation set as fixed modification, methionine
oxidation as variable modification, mass tolerance less than
50 ppm, and monoisotopic mass values. The criterion for posi-
tive identification was a significant Mascot probability score
(score >55, P < 0.05). Alternatively, proteins were identified by
ion trap mass spectrometry.72

Table 1. Experimental design

Gel Cy2 Cy3 Cy5

1 pool MCF-7_NT_EXP 1 MCF-7_RPLP1_EXP 1
2 pool MCF-7_RPLP0_EXP 1 MCF-7_RPLP2_EXP 1
3 pool MCF-7_RPLP2_EXP 2 MCF-7_NT_EXP 2
4 pool MCF-7_RPLP1_EXP 2 MCF-7_RPLP0_EXP 2
5 pool MCF-7_NT_EXP 4 MCF-7_RPLP0_EXP 4
6 pool MCF-7_RPLP1_EXP 4 MCF-7_RPLP2_EXP 4

Deregulated proteins common to RPLP0 shRNA, RPLP1
shRNA, and RPLP2 shRNA were further confirmed by western
blot.

Statistical procedures
Pairwise differences between groups were analyzed using the

Student t test (proliferation curves, mRNA study by qRT-PCR,
quantification of BECN1 protein staining by immunocitochem-
istry and LC3II, RPLP0, RPLP1, and RPLP2 proteins by western

blot, quantification of vacuoles by TEM, detection of ROS,
changes in the mitochondrial potential, cell cycle profiles, apo-
ptosis, and senescence by flow cytometry). A P value of less than
0.05 or 0.01 (when specified) was considered statistically signifi-
cant. Pairwise differences between groups were analyzed using
the ANOVA test (proteomic analysis which involved 2-D eletro-
phoresis and mass spectrometry). A P value of less than 0.05 was
considered statistically significant. Additionally, the differential
spots were filtered for a minimum fold-change of 1.5.
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