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ABSTRACT
Altered expression of the translation factor eIF3e is associated with breast
cancer occurrence. We have previously shown that eIF3e deficiency leads to an
impaired DNA damage response with a marked decrease in DNA repair by homologous
recombination. Here, we explored the possibility to exploit this DNA repair defect
in targeted cancer therapy using PARP inhibitors. Surprisingly, eIF3e-deficient
breast cancer cells are resistant to these drugs, in contrast to BRCA1-deficient cells.
Studying this, we found that eIF3e-depleted cells synthesize lowered amounts
of PARP1 protein, due to a weakened translation of the corresponding mRNA,
associated with a strong decrease in cellular poly(ADP-ribosyl)ation. Additionally,
we discovered that the mTORC1 signaling pathway is aberrantly activated in response
to eIF3e suppression. Together, these PARP1 and mTORC1 dysfunctions upon eIF3e
depletion are causally linked to induction of cellular senescence associated with a
pro-inflammatory secretory phenotype. This study provides mechanistic insights into
how eIF3e protects against breast cancer, with potential novel cancer therapeutic
opportunities. While PARP inhibitors appear as inappropriate drugs for eIF3e-deficient
breast tumors, our findings suggest that such cancers may benefit from senolytic
drugs or mTORC1 inhibitors.

INTRODUCTION

has been linked to senescence [8]. PARP1 is involved in
repair of single-strand breaks (SSBs) or double-strand
breaks (DSBs), and repair of replication fork damage.
Upon DNA binding, PARP1 rapidly synthesizes and
attaches poly(ADP-ribose) (PAR) polymers onto itself and
various target proteins. These PAR modifications enable
the recruitment of repair proteins. PARP1 is also required
for genome stability during DNA replication [9, 10]. By
exploiting synthetic lethality, PARP inhibitors (PARPi) are
used in clinic to treat various cancers defective in DNA
repair via homologous recombination (HR), particularly
those due to BRCA1/2 loss of functions [11–13].
A second condition that induces senescence is the
hyperactivity of an expansion signal fostering either cell
growth or proliferation. In particular, activation of the
mechanistic target of rapamycin complex 1 (mTORC1)
contributes to senescence and SASP response [14, 15].

Cellular senescence is a major driver of various
age-related diseases, including cancer. This complex
cell state operates as a barrier against cancer by arresting
proliferation of cancerous cells, but it also favors a protumorigenic environment by inducing the secretion
of numerous factors collectively referred to as the
senescence-associated secretory phenotype (SASP) [1–3].
Additionally, a fraction of cancer cells rendered senescent
by DNA-damaging therapy resumes proliferation
and represents a tumor-reinitiating cell population in
particularly aggressive tumors [4, 5].
One trigger of cellular senescence is DNA damage
persistence. The poly(ADP-ribose) polymerase 1 (PARP1)
has long been known to regulate the DNA damage
response [6, 7] and a decrease of PARP1 enzymatic activity
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Activated mTORC1 integrates nutrient status to regulate
cell growth and protein synthesis [16, 17]. mTORC1
phosphorylates the eukaryotic translation initiation factor
4E (eIF4E)-binding proteins (4E-BPs) and the ribosomal
protein S6 kinase 1 (S6K1). When phosphorylated, S6K1
is released from the eukaryotic translation initiation factor
3 (eIF3) and phosphorylates its downstream targets [18].
eIF3 assembles in humans 13 subunits named eIF3a
to eIF3m [19–21]. Several clinical and experimental
observations suggest that altered expression of the eIF3e
subunit is associated with the occurrence and development
of breast cancer [22–27]. However, the role of eIF3e in
breast cancer remains to be better understood. In previous
studies, we identified that eIF3e deficiency leads to an
impaired DNA damage response with a marked decrease
in DNA repair via the HR pathway [28, 29]. Consistently,
we observed that several DNA repair proteins including
ATM and BRCA1/2 fail to accumulate at DSB sites,
although eIF3e silencing did not cause obvious changes
in the total amounts of these proteins [28, 29]. Based on
the connection between reduced eIF3e levels and impaired
HR, we hypothesized that eIF3e-deficient breast tumors
might be vulnerable to PARPi therapy.
In this study, we explored the possibility that
eIF3e might be a synthetic lethal partner of PARP1. We
discovered that eIF3e-deficient breast cancer cells are
resistant to PARPi. In search of the underlying mechanism,
we found that eIF3e deficiency causes reduced PARP1
expression and mTORC1 hyperactivation that drive breast
cancer cells into senescence and secretion of inflammatory
factors, providing potential novel cancer therapeutic
opportunities.

clinically approved PARPi. If both olaparib and veliparib
display equal catalytic inhibition potency, olaparib, in
contrast to veliparib, is much more efficient in trapping
PARP1/2 onto DNA [13, 30]. The PARP trapping activity,
rather than enzymatic inhibition, is thought to be crucial
for cancer cell killing by PARPi. Our assays showed that
silencing BRCA1 caused significant cytotoxicity from the
lowest olaparib dose, as expected (Figure 1B). However,
eIF3e-deficient cells did not respond to olaparib at all
tested concentrations, similarly to control cells. These
findings indicate that cancer cells with low eIF3e amounts
are refractory to PARPi, suggesting that assessing eIF3e
levels in tumors could be informative to predict the
clinical response to PARPi.

eIF3e depletion leads to lower levels of PARP1
and PAR polymers
Several mechanisms of resistance to PARPi
were described [31], one of them through PARP1
downregulation [30, 32, 33]. PARP1 is needed for proper
sensitization to PARPi since these drugs act in part
through PARP trapping. To determine whether eIF3e
deficiency could modify PARP1 abundance, immunoblots
were performed using lysates of BT-20 and MDA-MB-231
cells treated as above. We found that PARP1 levels were
markedly reduced after eIF3e knockdown, regardless of
the presence or absence of veliparib (Figure 2A). Since
PARP1 generates about 80–90% of PAR polymers, we
next examined whether this PARP1 downregulation was
associated with a decrease in poly(ADP-ribosyl)ation
(PARylation). As the basal level of PARylation is very
low, cells were subjected where indicated to an oxidative
stress with H2O2 to increase PARP1 basal activity and an
immunoblot was performed using an antibody recognizing
PAR polymers. We observed a generalized increase in
PAR polymers in control siRNA-transfected cells treated
with H2O2, compared to untreated cells (Figure 2B). In
contrast, eIF3e-depleted cells exposed to H2O2 displayed
a more limited increase of PAR signals, relative to control
cells similarly treated. The impact of eIF3e depletion on
PARP1 expression and activity was further studied by
immunofluorescence analyses. Where indicated, cells
were treated with either H2O2 to induce PAR formation
or an inhibitor of the PAR-degrading enzyme PARG to
stabilize PAR polymers. Cells transfected with control
siRNA and exposed to each treatment showed a substantial
increase in nuclear PAR staining compared to untreated
ones (Figure 2C). In contrast, eIF3e-depleted cells did
not respond to treatments and displayed reduced levels
of both PAR polymers and PARP1 compared to control
cells. The fact that PARylation was not reinforced in
eIF3e-silenced cells treated with the PARG inhibitor
implies that formation rather than degradation of PAR
chains is impaired in these cells, which is consistent with a
downregulation of PARP1. Since PARP1 and PARP2 have

RESULTS
eIF3e deficiency renders breast cancer cells
refractory to PARP inhibitors
PARPi are showing promise to treat various cancers
with HR deficiencies, particularly breast cancers with
germline BRCA1/2 mutations [11–13]. Our previous
study, primarily performed using HeLa and U2OS cell
lines, demonstrated that eIF3e-deficient cancer cells are
defective in HR-mediated DNA repair [29]. Therefore, we
hypothesized that PARPi therapy could also be effective in
treating tumors with low eIF3e expression. Here, we tested
the sensitivity of two triple-negative breast cancer cell
lines, BT-20 and MDA-MB-231, to the PARPi veliparib,
after transfection of either a non-targeting control siRNA
or siRNAs targeting eIF3e or BRCA1 as a positive
control. Although eIF3e silencing results in HR defect
also in breast cancer cells (Supplementary Figure 1), we
found that these eIF3e-depleted cells were not sensitive to
veliparib treatment, in contrast to BRCA1-depleted cells
(Figure 1A). To validate this unexpected result, we tested
the sensitivity of eIF3e-depleted cells to olaparib, another
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overlapping functions, we assessed whether eIF3e may
regulate PARP2 similarly. PARP2 was detected in all cell
types tested except MCF 10A, a non-tumorigenic breast
cell line, and eIF3e depletion did not grossly alter PARP2
amounts in any of analyzed cells (Figure 2D). In contrast,
PARP1 which was expressed in all cell lines was much
less abundant upon eIF3e silencing. Together, these results
suggest that eIF3e-deficient cells display lower levels of
PAR polymers because of reduced expression of PARP1,
but not PARP2. These findings provide a molecular basis
for the resistance of these cells to PARPi. In addition, by
querying a proteomic resource for breast cancer [34], we
found a significant positive correlation between the eIF3e
and PARP1 protein abundances in the triple-negative
breast cancer group (Supplementary Figure 2).

levels after eIF3e knockdown. No significant changes
were observed in MDA-MB-231 cells (Figure 3A) nor in
BT-20 cells (Supplementary Figure 3). We also assessed
PARP1 mRNA stability since we have previously shown
that eIF3e regulates the decay of certain mRNAs [35].
No significant differences were noted in the PARP1
mRNA half-lives upon eIF3e depletion (Figure 3B).
We then examined whether silencing eIF3e could alter
PARP1 protein stability. One study showed that PARP1 is
degraded via the ubiquitin-proteasome system after being
ubiquitinated by RNF168 [36]. MDA-MB-231 cells were
transfected with siRNAs and treated with the proteasome
inhibitor lactacystin. An siRNA against RNF168, used
as a positive control, showed a ~2-fold augmentation of
PARP1 abundance (Figure 3C). Also, PARP1 levels were
increased, albeit to a lesser extent, in control cells treated
with the proteasome inhibitor but no stabilization of
PARP1was observed in eIF3e-depleted cells.
Next, we reasoned that eIF3e reduction may
affect translation of mRNA encoding PARP1. We then
wanted to verify this hypothesis by performing polysome

eIF3e is required for efficient translation of
mRNA encoding PARP1
To decipher the mechanism of eIF3e-mediated
PARP1 regulation, we first measured PARP1 mRNA

Figure 1: eIF3e knockdown renders breast cancer cells resistant to PARPi. (A, B) Cell viability assay in response to PARPi
veliparib (A) and olaparib (B). BT-20 and MDA-MB-231 cells were transfected with non-targeting siRNA (si-NT#1) or with siRNAs
targeting eIF3e (si-eIF3e) or BRCA1 (si-BRCA1). The following day, cells were treated with the indicated concentrations of veliparib or
olaparib, and allowed to grow for 4 days before cell proliferation was measured using a cell viability assay. Analysis of cell viability at each
drug dose was expressed as a percentage of remaining cells compared to vehicle treated cells. Results from 3 independent experiments.
Error bars, means ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired t test.
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profiling followed by PARP1 transcript quantitation.
Polysome profiles of eIF3e-depleted MDA-MB-231 cells
showed a marked increase in the 80S monosome peak
associated with a decrease in polysomes (Figure 3D). Such
changes in ribosome profiles are a signature of inhibited
translation, suggesting that eIF3e may be required for
bulk translation in this cancer cell line. Several studies

have reported a slight reduction of global translation
upon eIF3e downregulation while other studies did not
[24, 25, 37]. The levels of PARP1 transcript engaged in
translation were monitored by qRT-PCR and all values
were summed to approximate the total quantity of PARP1
mRNA associated with polysomes (Qtotal). Silencing
eIF3e caused a 2-fold decrease in the levels of PARP1

Figure 2: eIF3e depletion leads to lower levels of PARP1 protein and PAR polymers. (A) Immunoblots to detect PARP1

protein in total extracts of BT-20 and MDA-MB-231 cells transfected with non-targeting siRNA or with siRNAs targeting eIF3e or BRCA1.
One day after siRNA transfection, cells were untreated or treated with 5µM of veliparib for 4 days. Efficiency of eIF3e depletion was
determined by detection of eIF3e. Data shown is representative of two independent experiments. (B) Immunoblots to detect the level of
PAR polymers and PARP1 in total extracts of MDA-MB-231 cells transfected with siRNAs non-targeting or targeting eIF3e. Four days
after siRNA transfection, cells were treated or not with 2mM H2O2 to induce PAR formation, and harvested 5 min later. RNA interference
efficacy and equal protein loading were controlled by detection of eIF3e and β-actin, respectively. Data shown correspond to two parts of
the same gel and are representative of two independent experiments. (C) Immunofluorescence assay to detect PARP1 and PAR chains in
MDA-MB-231 cells transfected with control or eIF3e siRNAs. After 4 days, cells were left untreated or treated with 5 µM of the PARG
inhibitor PDD 00017273 for 2 h, or with 2 mM H2O2 for 5 min. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI).
Shown are representative confocal images of two independent experiments. Scale bar, 20 µM. (D) Immunoblots to detect PARP2 and
PARP1 in the indicated cell lines transfected with siRNAs non-targeting or targeting eIF3e. Efficiency of eIF3e depletion was determined
by detection of eIF3e.
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transcript recruited for translation (Figure 3E, numbers in
parentheses). Furthermore, ~50% of PARP1 mRNA levels
in control cells were detected in the heaviest polysome
fraction (fraction 15), whereas eIF3e depletion caused a
shift towards lighter fractions, with only ~20% of PARP1
mRNA in fraction 15 (Figure 3E). As a comparison,
we monitored mRNA encoding the IL6 cytokine that
showed a different distribution pattern. Both in control
and eIF3e-depleted cells, the IL6 transcript was more
regularly distributed across the polysome fractions and
was almost undetectable in fraction 15 (Figure 3F),
which is consistent with the ~5-fold shorter size of the
IL6 open reading frame relative to that of PARP1. We
found that eIF3e knockdown induced a 1.5-fold increase
in IL6 mRNA engaged in translation (Figure 3F, numbers
in parentheses). Also, IL6 transcript was more abundant
in heavy fractions (Fractions 9 to 13) of eIF3e-silenced
cells compared to control cells. We inferred that eIF3e
depletion promotes IL6 mRNA translation. In agreement
with this, IL6 is more abundant in eIF3e-deficient cells
(see below). Conversely, silencing eIF3e induces a lowefficient translation of PARP1 mRNA, resulting in reduced
synthesis of the encoded protein.

which corresponds to an extent similar to that reported
for HeLa cells depleted of PARP1 [10]. Together, these
findings support the notion that the high replication fork
velocity we found in eIF3e-deficient cells may be due to
the reduction of PARP1. Furthermore, our data imply that
eIF3e-depleted cells could suffer from DNA replication
stress, which may drive genomic instability.

eIF3e depletion promotes senescence and
senescence-associated secretory phenotype
There is increasing evidence linking replication
stress to induction of cellular senescence [1]. Furthermore,
reduced expression of PARP1 leads to replication stress
[10] and also to induction of cell senescence [8]. Therefore,
our results prompted us to investigate whether eIF3e
depletion could promote senescence. This was monitored
by measuring the activity of senescence-associated
β-galactosidase (SA-β-Gal), using a quantitative flow
cytometry-based assay [38]. Representative histograms
are shown in Supplementary Figure 5A. The relative SAβ-Gal activity was estimated by the mean fluorescence
intensity (MFI), which revealed a ~2-fold increase in MFI
values in eIF3e-silenced cells compared to control cells
(Figure 5A). As positive senescence controls, cells were
subjected to X-ray irradiation. Notably, the SA-β-Gal
activity of unirradiated eIF3e-depleted cells was similar
to that measured in irradiated control siRNA-treated
cells (Figure 5A). We then determined the percentage of
senescent cells as described in Supplementary Figure 5B,
which indicates a 3.5-fold increase in eIF3e-depleted cells
(Figure 5B). This senescence promoting effect upon eIF3e
knockdown remained effective after irradiation.
One feature of senescent cells is their capacity to
secrete a large number of factors collectively termed the
SASP [2, 3]. Then, we evaluated the impact of eIF3e
reduction on the expression of SASP components in MDAMB-231 cells. Our qRT-PCR data showed that, compared
to a non-targeting control, eIF3e silencing significantly
increased mRNA levels of the four SASP factors IL1A,
IL6, IL8, and CXCL1, but not of the non-SASP cytokine
IL5 (Figure 5C). SASP is a hierarchical process that
develops with a gradual increase over several days. In
particular, the IL1A cytokine is essential for initiating a
signal transduction cascade that ultimately induces the
expression and secretion of the IL6 cytokine and IL8
chemokine [39]. Consistent with that, a higher fold change
was observed for the IL1A transcript compared to the other
SASP mRNAs after eIF3e knockdown for 4 days (Figure
5C). Next, levels of IL6 and IL8 transcripts were measured
after siRNA treatment for 6 days. The abundance of both
mRNAs was higher in eIF3e-depleted cells at this late time
point (~20-fold, Supplementary Figure 6A) compared to
an earlier time (Figure 5C). To exclude any off-target
effect, a rescue experiment was performed, which showed
that expressing an eIF3e cDNA resistant to degradation

Silencing eIF3e increases replication fork
velocity similarly to PARP1 downregulation
Besides the impaired synthesis of PAR polymers
shown above, we looked at a functional readout for
PARP1 defect in eIF3e-depleted cells. One study reveals
that downregulating PARP1 expression or activity induces
an accelerated progression of DNA replication forks,
which triggers a replication stress if above a tolerated
threshold [10]. We thus examined whether depleting
eIF3e could modify the progression of replication forks.
This was monitored using a DNA fiber assay from BT-20
cells treated with siRNAs non-targeting or targeting eIF3e.
Image analyses showed different patterns of labelling
represented in Figure 4A. Our results did not reveal major
changes in their relative proportion between control
and eIF3e-depleted cells (Supplementary Figure 4). To
evaluate fork progression, we selected DNA segments that
have incorporated iodo-deoxyuridine (IdU) and chlorodeoxyuridine (CldU) with no intervening gap (Figure 4B)
and we measured the length of ~300 CldU tracks. Our
results showed that the CldU track length was increased
by ~30% in eIF3e-depleted cells compared to control cells
(Figure 4C). To rule out any effect specific to BT-20 cells,
we performed the same assay on HeLa cells. We chose
this cell line because a previous study reported the effect
of PARP1 depletion on fork progression in these cells
[10] and we were sure that PARP1 was indeed reduced
in eIF3e-silenced HeLa cells (Figure 2D). Our results
showed an even stronger effect of eIF3e depletion in
these cells. As shown in Figure 4D, the CldU track length
was enhanced by ~60% compared to HeLa control cells,
www.oncotarget.com
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Figure 3: eIF3e is required for efficient PARP1 mRNA translation. (A) Quantification of PARP1 mRNAs from MDA-MB-231

cells transfected for 4 days with control or eIF3e siRNAs. PARP1 mRNA levels were measured by reverse transcription and quantitative
real-time polymerase chain reaction (qRT-PCR). A value of 1 was assigned to PARP1 level in control cells and measurement in eIF3edepleted cells was normalized to this value. n = 10 from 4 independent experiments. (B) PARP1 mRNA decay in MDA-MB-231 cells
transfected with siRNAs non-targeting or targeting eIF3e. Four days after transfection, cells were incubated with 20 µM of triptolide to
stop de novo transcription. Cells were collected at different time points after transcription arrest and PARP1 mRNA levels were measured
by qRT-PCR. A value of 1 was assigned to transcript levels of untreated cells, either control- or eIF3e-silenced cells. Results from 2
independent experiments. (C) Immunoblots to evaluate PARP1 protein stability in MDA-MB-231 cells transfected with non-targeting
siRNA or with siRNAs targeting eIF3e or RNF168 for 4 days. Cells were untreated or treated for the last 8 h with the proteasome inhibitor
lactacystin (5 µM), or vehicle only. Data shown for cells treated with si-NT#1 and si-eIF3e correspond to different parts of the same gel.
Efficacy of eIF3e depletion and proteasome inhibition were determined by detection of eIF3e and ubiquitin conjugates, respectively. (D)
UV absorbance profiles of cytoplasmic extracts from MDA-MB-231 cells through a 10% to 50% sucrose gradient. Cells were transfected
with siRNAs non-targeting or targeting eIF3e and collected after 3 days. Positions of 40S and 60S ribosomal subunits, 80S monosomes
and polysomes are shown. (E) Total RNAs were extracted from each gradient fraction and all samples were supplemented with a luciferase
RNA spike-in standard to normalize for RNA recovery. The abundance of PARP1 transcript in each gradient fraction was determined using
qRT-PCR and is plotted as a percentage of total PARP1 mRNA. A value of 1 was assigned to the total quantity of PARP1 mRNA in control
cells. Results from two independent experiments (n = 4). (F) Quantification of IL6 transcript as in (E). In relevant panels, all error bars
represent means ± SEM. All statistical significances were calculated using unpaired t test, ***P < 0.001, ns, not significant.
www.oncotarget.com
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by the siRNA prevents the SASP monitored through IL1A
mRNA levels (Supplementary Figure 6B). Finally, we
evaluated the secretion of IL6 using conditioned media
prepared from MDA-MB-231 cells treated with siRNAs
for 6 days. We found that eIF3e knockdown induced
a 10-fold increase in IL6 secretion relative to a control
siRNA (Figure 5D). Collectively, these findings suggest
that cancer cells deficient for eIF3e prematurely undergo
senescence combined with a massive upregulation and
secretion of SASP factors.
Several lines of evidence put forward that the
SASP promotes tumor progression by maintaining
chronic inflammation. Secreted SASP factors, mainly
pro-inflammatory cytokines and chemokines, operate as
diffusible signals that reinforce and propagate senescence
in autocrine and paracrine fashions [40, 41]. To investigate
whether the SASP triggered by eIF3e depletion can spread
senescence to neighboring cells, we collected conditioned
media from MDA-MB-231 cells treated for 6 days with
siRNAs control or targeting eIF3e and transferred them
to MCF7 cells. We chose these breast cancer cells in

particular because MCF7 cells are less aggressive and
do not constitutively express IL6 or IL8 [42]. Live cell
imaging revealed that, compared to MCF7 cells treated
with control conditioned medium, cells treated with
conditioned medium from eIF3e-depleted MDA-MB-231
cells exhibited morphological changes characteristic of
senescent cells, as enlarged size and flattened appearance
(Figure 5E). Additionally, significant levels of IL6 and IL8
transcripts were detected in these cells (Figure 5F). These
data indicate that eIF3e deficiency causes propagation of
senescence and inflammation to neighboring cells, which
might have an impact on cancer progression.

Induction of SASP in eIF3e-deficient cells
occurs through PARP1 inhibition and mTORC1
activation
Next, we sought to identify signaling networks
supporting SASP induction following eIF3e reduction.
Previous studies showed that NF-κB and C/EBPβ
transcription factors but also signaling through ATM, macro-

Figure 4: Silencing of eIF3e causes high speed of replication fork. (A) Schematic representation of the different replication
structures that can be observed by DNA fiber assay and their interpretations. (B) Labeling scheme and representative images of ongoing
forks from cells transfected with the indicated siRNAs. Cells were sequentially incubated with the two thymidine analogs IdU and CldU,
followed by spreading of DNA fibers on glass slides and immunofluorescent staining of DNA segments that have incorporated IdU and/or
CldU. (C, D) Replication fork progression in BT-20 (C) or HeLa (D) cells transfected with siRNAs non-targeting or targeting eIF3e. For
a reliable estimation, the length of CldU tracks was measured in a large number of progressing forks indicated below graphs. Lines and
numbers in red correspond to values for mean track lengths. Statistical significance was assessed using the Mann-Whitney U test.
www.oncotarget.com

655

Oncotarget

H2A1, p38MAPK, or mTOR contributes to the SASP [3,
14, 15, 43–45]. Moreover, one study reported that decreased
PARP1 expression was sufficient to induce senescence of
epithelial cells [8]. First, we tested whether a treatment with
the PARPi olaparib could modify SASP magnitude in eIF3edepleted cells. The idea was that since PARP1 expression is
reduced but not completely lost in these cells, inhibition of
the residual PARP1 activity may have a synergistical impact

on the SASP. Compared to control cells, MDA-MB-231
cells silenced for eIF3e displayed a marked increase in IL6
and IL8 mRNA levels, and this increase was significantly
reinforced upon olaparib treatment (Figure 6A). These
results indicate that SASP induction in eIF3e-deficient cells
is promoted by PARP1 inhibition.
Because inhibition of PARP1 is insufficient
for SASP development in control cells, we evaluated

Figure 5: eIF3e depletion promotes senescence and senescence-associated secretory phenotype. (A, B) MDA-MB-231 cells

were transfected with siRNAs non-targeting or targeting eIF3e. Two days later, cells were untreated or X-irradiated (10 Gy) and allowed
to grow for 4 days before senescence was assessed using a flow cytometry assay with the substrate C12FDG. The bar graph in (A) indicates
the mean fluorescence intensity resulting from hydrolysis of C12FDG by SA-β-Gal. The bar graph in (B) indicates the percentage of SA-βGal positive cells. Results from 3 independent experiments for non-irradiated cells and 2 independent experiments for X-irradiated cells.
(C) Quantification of mRNAs encoding SASP factors (IL1A, IL6, IL8, and CXCL1) and a non-SASP factor (IL5) from MDA-MB-231
cells transfected for 4 days with control or eIF3e siRNAs. Transcript levels were measured by qRT-PCR and a value of 1 was assigned
to mRNA levels of control cells. Results from 4 independent experiments. (D) Quantification of IL6 secreted in conditioned media from
MDA-MB-231 cells transfected with control or eIF3e siRNAs. Five days after transfection, cells were incubated with a serum-free medium
for 24 h before conditioned media were collected and analyzed for IL6 secretion by enzyme-linked immunosorbent assay (ELISA). n = 6
from 3 independent experiments. (E) MCF7 cells were incubated with conditioned media prepared as described in (D) from MDA-MB-231
cells transfected with siRNAs non-targeting (CM si-NT#1) or targeting eIF3e (CM si-eIF3e). Morphological evaluation was done after 3
days of treatment. Representative phase-contrast images are shown. (F) Quantification of IL6 and IL8 transcripts in MCF7 cells treated as
in (E). n = 4 from two independent experiments. In relevant panels, all error bars represent means ± SEM. All statistical significances were
calculated using unpaired t test, ***P < 0.001, **P < 0.01, ns, not significant.
www.oncotarget.com
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whether the SASP induced by eIF3e knockdown could
additionally be controlled by mTORC1. The rationale was
that this master regulator of protein synthesis interacts
with eIF3 [18] and controls the SASP by promoting
translation of mRNAs encoding IL1A and MAPKAPK2
[14, 15]. Subsequently, IL1A activates NF-κB which,
in turn, stimulates transcription of multiple SASP
genes [14, 39] while the MAPKAPK2 kinase indirectly
stabilizes several SASP mRNAs by inactivating through
phosphorylation the RNA binding protein ZFP36L1, the
non-phosphorylated form of which destabilizes many
SASP transcripts [15]. To test whether the SASP triggered
by eIF3e depletion is linked to mTORC1, siRNA-treated
MDA-MB-231 cells were exposed to rapamycin, an
mTORC1 inhibitor. Compared to control cells and prior
to rapamycin treatment, eIF3e-silenced cells displayed a
significant increase in IL1A and IL6 mRNA levels (Figure
6B). Rapamycin treatment was found to blunt the increase
of IL6 transcript by ~50% and to almost totally prevent
the induction of IL1A transcript in these cells. The levels
of mRNA encoding the non-SASP IL5 cytokine were not
altered by rapamycin. Together, these results support the
notion that mTORC1 activity is required for the SASP in
eIF3e-deficient cells.
To further address the link between the SASP
and mTORC1 signaling following eIF3e depletion, we
assessed mTORC1 activity through the phosphorylation of
ribosomal protein S6. Immunoblot analyses showed that,
compared to control MDA-MB-231 cells, eIF3e-depleted
cells displayed increased levels of S6 phosphorylation,
whether these cells were grown under normal nutritional
or starved conditions (Figure 6C). Similar observations
were obtained using BT-20 cells (Figure 6D). S6 ribosomal
protein is not a direct mTORC1 target, but a downstream
effector of S6K1, which is itself a mTORC1 substrate. We
verified that S6 phosphorylation in eIF3e-depleted cells
was mTORC1-dependent by treating cells with rapamycin
to inhibit mTORC1 (Supplementary Figure 7A). Although
largely used in studying mTORC1 signaling, rapamycin
however inhibits more efficiently the S6K1 axis of the
mTORC1 signaling compared with the 4E-BP1 axis
[46]. For this reason, we assessed the effect of eIF3e
depletion directly on phosphorylation of S6K1 and 4EBP1. Immunoblots confirmed that eIF3e silencing led to
increased levels of phosphorylated S6K1 (Figure 6D).
Conversely, phosphorylation of 4E-BP1 was unaffected
by eIF3e depletion (Supplementary Figure 7B). Finally,
a rescue experiment showed that S6 phosphorylation was
suppressed by the expression of an eIF3e cDNA resistant
to degradation by the siRNA (Supplementary Figure 7C).
Together, these findings indicate that the mTORC1-S6K1
signaling axis is aberrantly activated upon eIF3e silencing.
Next, we asked whether combining an
overactivation of mTORC1 with a downregulation of
PARP1 could recapitulate the SASP features we observed
in eIF3e-deficient cells. To overactivate mTORC1, we
www.oncotarget.com

employed a siRNA targeting the protein tuberous sclerosis
complex 2 (TSC2), a negative regulator of mTORC1 [16,
17]. MDA-MB-231 cells were transfected with siRNAs
non-targeting or targeting TSC2 and/or PARP1 and
mTORC1 activity was assessed through monitoring S6
phosphorylation by immunoblotting. We found that TSC2
depletion led to an increase in S6 phosphorylation (Figure
6E), to an extent comparable to that observed after eIF3e
silencing (Figure 6C). Then, we quantified the IL1A and
IL6 transcripts to inform about a putative SASP response.
Compared to control cells, TSC2-silenced cells displayed
a 5-fold increase in IL1A mRNA levels, and this increase
was significantly reinforced by combining TSC2 and
PARP1 silencing (Figure 6F). This additive effect was
also observed for IL6 transcript, although to a lesser extent
(Figure 6G). This is most likely because the experimental
time point is too short for full SASP development.
These results indicate that sustained mTORC1 signaling
combined with low PARP1 activity can induce the SASP.
Taken together, our data strongly suggest that eIF3edeficient cells can enter into premature senescence with
SASP features because of their decreased expression
of PARP1 combined with their aberrant activation of
mTORC1.

DISCUSSION
Based on our previous work establishing a link
between eIF3e deficiency and impaired DNA repair by HR
[29], we further explored whether eIF3e-dependent HR
defects could be exploited in targeted cancer therapy using
PARPi. To our surprise, two different breast cancer cell
lines deficient for eIF3e did not respond to these drugs.
To explain this, we found that PARP1, but not PARP2,
was strongly reduced upon eIF3e silencing. In addition
to the catalytic inhibition of PARP1/2, all clinical PARPi
also trap both proteins onto DNA, with PARP1 being
trapped much more efficiently than PARP2 [30]. PARP1
normally dissociates from DNA upon self-PARylation,
but by preventing this reaction, PARPi block the enzyme
onto DNA and generate a physical obstruction largely
responsible for the ensuing cytotoxicity. Therefore, any
reduction in PARP1 protein amounts is likely to confer
resistance to PARPi, which is what we observed following
eIF3e depletion. Hence, one would predict that tumors
with low eIF3e levels should be insensitive to PARPi
therapy.
Accumulated evidence indicates that PARP1
is the first DNA damage sensor of SSBs and DSBs [6,
7]. Upon binding to DNA breaks, PARP1 extremely
rapidly catalyzes extensive PARylation that promotes
the recruitment of multiple proteins acting in different
aspects of DNA repair. In particular, PARP1 is involved
in the early recruitment to DSB sites of the MRN complex
and the ATM kinase, which both contain PAR-binding
domains [6, 47]. Also, PARP1 PARylates BRCA1 and this
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Figure 6: SASP development following eIF3e depletion occurs through PARP1 inhibition and mTORC1 activation.

(A) Quantification of IL6 and IL8 mRNAs after treatment of eIF3e-silenced cells with olaparib. MDA-MB-231 cells were transfected with
siRNAs non-targeting or targeting eIF3e. The following day, cells were untreated or treated with 1 µM of olaparib, and allowed to grow for
4 days before RNA extraction. Transcript levels were measured by qRT-PCR and a value of 1 was assigned to mRNA levels of untreated
control cells. n = 4 from 2 independent experiments. (B) Quantification of mRNAs encoding SASP (IL1A, IL6) and non-SASP (IL5)
factors after treatment of eIF3e-silenced cells with rapamycin. MDA-MB-231 cells were transfected as in (A), treated or not with 50 nM
of rapamycin 24 h later, and allowed to grow during 3 days before RNA extraction. Transcript levels were measured as in (A). n = 4 from
2 independent experiments. (C) Detection of S6 phosphorylation level in eIF3e-knockdown cells. MDA-MB-231 cells were transfected
with control or eIF3e siRNAs during 3 days before cells were subjected to nutrient starvation for indicated time points. Immunoblots were
carried out with the indicated antibodies. Efficiency of eIF3e depletion was determined by detection of eIF3e. (D) The phosphorylation
levels of S6 and S6K1 were determined in BT-20 cells treated as in (C). Immunoblots were carried out with the indicated antibodies. (E)
MDA-MB-231 cells were transfected with siRNAs non-targeting or targeting PARP1 and/or TSC2 and harvested 4 days later. Immunoblots
were performed using the indicated antibodies. Data shown correspond to two parts of the same gel. Efficiency of RNA interference was
determined by detection of TSC2 and PARP1. (F, G) Quantification of mRNAs encoding IL1A (F) and IL6 (G) in MDA-MB-231 cells
transfected with siRNAs non-targeting or targeting PARP1 and/or TSC2 during 4 days. Transcript levels were measured by qRT-PCR and a
value of 1 was assigned to mRNA levels of control cells. n = 4 from 2 independent experiments. In relevant panels, all error bars represent
means ± SEM. All statistical significances were calculated using unpaired t test, ***P < 0.001, **P < 0.01, *P < 0.05.
www.oncotarget.com

658

Oncotarget

modification is important for proper BRCA1 functioning
in HR repair [6, 48, 49]. Thus, one may speculate that the
eIF3e-mediated reduction in PARP1 levels and PARylation
we uncovered in this work is, in part, a causal event to the
defects in DNA damage signaling and DSB repair via HR
we reported previously [28, 29]. Here, we found that eIF3e
depletion causes an acceleration of replication fork speed,
which again can be explained by the decreased amounts
of PARP1. Indeed, PARP1 is present at DNA replication
forks and slows down fork progression through inducing
fork reversal or completing full processing of Okazaki
fragments [6, 9, 10]. This PARP1-dependent modulation
of fork speed represents an important mechanism for
stabilizing replication forks. Therefore, our findings that
eIF3e deficiency gives rise to DNA repair difficulties and
impaired slow-down of replication forks are very likely
caused by PARP1 downregulation. As a result, eIF3edepleted cells may accumulate persistent DNA damage
and increased genomic instability.
mTORC1 is a master controller of macromolecule
synthesis, best characterized as a positive regulator of
protein synthesis [16, 17]. Under nutrient-rich conditions,
mTORC1 gets recruited to eIF3 and phosphorylates two
key effectors 4E-BP1 and S6K1 [18]. Phosphorylation
of 4E-BP1 promotes cap-dependent translation initiation
by inducing its release from the initiation factor eIF4E.
Phosphorylation of S6K1 controls both translation
initiation and elongation. Phosphorylated S6K1 dissociates
from eIF3 and, in turn, phosphorylates several substrates,
including the ribosomal protein S6. Our results show that
eIF3e deficiency constitutively activates the S6K1 branch
of mTORC1 signaling. Importantly, S6K1 signaling is
required for senescence [50].
Although many questions remain about the
complexity of cellular senescence, it has become evident
that this state is a cell response to damage occurring in
diverse physiological and pathological conditions [1,
4, 5]. Two paramount features characterize senescent
cells, namely a stable, rarely reversible, cell cycle arrest
associated with a pro-inflammatory secretory phenotype.
The general consensus is that senescence initially exerts
tumor-suppressive functions, but can provide overtime deleterious effects caused by the SASP-mediated
chronic inflammation. Senescent cells accumulate with
age and contribute to different age-related diseases,
including cancer. Hence, therapeutic opportunities based
on specific elimination of senescent cells, otherwise
called senotherapies, are being developed to improve
healthspan. Also, treatment with mTORC1 inhibitors may
have beneficial effects in aging-associated pathologies by
suppressing the SASP [14, 15]. Recently, Ogrodnik et al.
have proposed a model to explain the vast heterogeneity
of senescent phenotypes [51]. Their model unveils that
nearly all types of senescence arise from a combination of
cell cycle arrest signals together with expansion signals,
either growth or proliferation. On this matter, senescence
www.oncotarget.com

triggered by eIF3e deficiency is consistent with this
model. On the one hand, the persistence of DNA damage
and replication stress, as a result of decreased PARP1
levels, likely accounts for cell cycle arrest. On the other
hand, eIF3e-depleted cells are continuously exposed to
expansion signals owing to the unrestrained mTORC1/
S6K1signaling. In line with this, we found that combining
PARP1 downregulation with mTORC1 constitutive
activation induces the SASP in eIF3e-competent cells.
Our study reveals novel molecular alterations in
eIF3e-deficient cells that trigger senescence associated
with a pro-inflammatory phenotype. Understanding
the mechanistic bases by which eIF3e depletion causes
mTORC1/S6K1 hyperactivity and a low-efficient
translation of PARP1 mRNA will be addressed in future
projects. Our findings pave the way for new potential
therapeutics to treat eIF3e-deficient breast tumors. While
PARPi appear inadequate, such cancers might benefit from
senolytic drugs or clinically available mTORC1 inhibitors.

MATERIALS AND METHODS
Cell culture and drug treatment
Human MDA-MB-231, MCF7, and HeLa cell
lines were obtained from the European Collection of
Authenticated Cell Cultures and BT-20 and MCF 10A cell
lines from the American Type Culture Collection. Cells
were maintained in culture for less than 20 passages after
receipt under standard conditions (37°C, 5% CO2) and were
regularly tested for mycoplasma contamination. All cell
lines except MCF 10A cells were maintained in Dulbecco’s
Modified Eagle Medium from Gibco, supplemented with
10% fetal bovine serum and antibiotics. MCF 10A cells
were cultured using the MEGM™ Mammary Epithelial
Cell Growth Medium BulletKit™ (Lonza). Cells were
treated with the following drugs: veliparib (ABT-888; Enzo
Life Sciences), olaparib (AZD2281; MedChemExpress), a
PARG inhibitor (PDD 00017273; Tocris, bio-techne), H2O2
(Sigma-Aldrich), rapamycin (Sigma-Aldrich), triptolide
(Sigma-Aldrich), lactacystin (Sigma-Aldrich).

siRNA and plasmid transfection
Cells were transfected with 5 nM of siRNAs using
INTERFERin (Polyplus-Transfection). For eIF3e silencing,
we purchased the ON-TARGETplus siRNA J-010518-05
(Dharmacon) together with the ON-TARGETplus nontargeting siRNA#1 (D-001810-01) used as control. We
purchased the ON-TARGETplus siRNA SMARTpool
format for PARP1 silencing (L-006656-03-0005) and
TSC2 silencing (L-003029-00-0005). The other siRNA
duplexes used in this study were purchased from SigmaAldrich. The targeted sequences (sense strand) are:
BRCA1, 5′-AGAUAGUUCUACCAGUAAA-3′; RNF168,
5′-GGCGAAGAGCGAUGGAAGA-3′. For silencing and
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eIF3e add-backs, cells were first transfected with siRNAs
using INTERFERin and, the next day, cells were cotransfected with siRNAs and plasmids using jetPRIME
(Polyplus-Transfection) according to manufacturer’s
instructions. The vector pTL1-HA-eIF3eR was generated
using the QuickChange site-directed mutagenesis method
(Stratagene) with the following oligos: forward,
5′-ATGACTTCTTCTTGGTCGCATGCTTG
GAAGACTTCATTGAAAATGCCCGTCT
CTT-3′ and reverse, 5′-CGGGCATTTTCAATGAA
GTCTTCCAAGCATGCGACCAAGAAGAAGTCATT
CACAA-3′.

Bradford assays. Proteins were separated on SDSpolyacrylamide gels and transferred to polyvinylidene
difluoride membranes. Blots were blocked with 5% dry
milk in 0.1% Tween-20 in PBS, incubated with primary
antibodies, followed by HRP-conjugated secondary
antibodies. The following primary antibodies and dilutions
were used: eIF3e (1:1000, C-20, described previously,
[52]), β-actin (1:4000, A5441, Sigma-Aldrich), PARP1
[1:1000, 9532, Cell Signaling Technology (CST)],
PARP2 (1:1000, NBP2-47337, Novus Biologicals),
PAR (1:1000, ALX-804-220-R100, Enzo Life Sciences),
Lys48-linked ubiquitin conjugates (1:1000, 05-1307,
Millipore), S6 (1:1000, 2217, CST), pS6 (1:2000, 4858,
CST), S6K1 (1:1000, 9202, CST), pS6K1 (1:1000, 9234,
CST), TSC2 (1:1000, 4308, CST), 4EBP1 (1:1000, 9452,
CST), p4EBP1 (1:1000, 9451, CST). Membranes were
developed using ECL Prime reagent and scanned with an
ImageQuant LAS500 imaging system (GE Healthcare).
Bands of interest were quantified with the ImageQuant
TL software (GE Healthcare).

Cell viability assay
Cells were transfected with siRNAs for 24 h and
then seeded at 3 × 103 cells per well in a 96-well plate.
Cells were allowed to adhere for 8 h and treated with
veliparib, olaparib, or vehicle for 4 days. Cell viability
was determined by using a CellTiter-Fluor™ Cell Viability
Assay kit (Promega).

Immunofluorescence and confocal microscopy

Conditioned media and ELISA assay

Cells were fixed in 4% paraformaldehyde for
10 min, incubated in 100 mmol/L glycine for 10 min,
permeabilized with 0.5% Triton X-100 for 5 min, and
blocked with 1% BSA for 30 min. Primary antibodies
(PARP1 and PAR referenced in the above section) were
incubated for 2 h at room temperature and secondary
antibodies conjugated with Alexa Fluor 488 or Alexa
Fluor 555 (CST) were incubated for 1 h. Nuclei were
counterstained with DAPI and slides were mounted in
Fluoromount-G medium (Electron Microscopy Sciences).
Microscope images were acquired using an LSM 710
confocal microscope (Carl Zeiss) mounted on an Axio
Observer Z1 microscope (Carl Zeiss) equipped with a
Plan-Apochromat X63/1.4 NA oil-immersion objective.
Image acquisition and analysis were performed using
LSM ZEN software (Carl Zeiss).

MDA-MB-231 cells were seeded in 10-cm dishes
and transfected with siRNAs the next day and 3 days later.
Five days after the first siRNA transfection, cells were
washed thoroughly and incubated in serum-free medium
for 24 h. Conditioned media were collected and clarified
by centrifugation at 1000 g for 20 min. Cells remaining
on dishes were counted for normalization. The volumes of
conditioned media were adjusted to match an equivalent
number of cells in each sample. The quantifications of
secreted IL6 in conditioned media were performed using
an ELISA Genie kit (Reagent Genie).

Measurement of SA-β-Gal activity
The SA-β-Gal activity was determined using a flow
cytometry-based assay and the fluorogenic cell permeable
substrate C12FDG (5-dodecanoylaminofluorescein di-βD-galactopyranoside; Molecular Probes, ThermoFisher
Scientific), as previously described [38]. Briefly, cells
were first incubated for 1 h at 37°C in growth medium
supplemented with 100 nM of bafilomycin A1 (SigmaAldrich) to induce lysosomal alcalinization, followed by
an incubation with 33 µM of C12FDG for 2 h at 37°C.
Cells were trypsinized, washed in PBS, and analyzed
immediately using a MACSQuant VYB flow cytometer
(Miltenyi Biotec). Flow cytometry data were analyzed
using the FlowJo software (TreeStar).

RNA isolation and quantitative RT-PCR
Total RNAs were extracted with TRIzol (SigmaAldrich) and RNA concentrations were measured with a
NanoDrop 2000 (Thermo Scientific). qRT-PCR analysis
was performed using a QuantiTect SYBR Green RTPCR kit (Qiagen) and a Rotor-Gene Q cycler (Qiagen),
according to cycling conditions specified in the handbook
of the kit. The gene-specific primers used are listed below:
PARP1: Forward, GAGTCGGCGATCTTGGACC;
Reverse, TGACCCGAGCATTCCTCG
IL1A: Forward, GGTTGAGTTTAAGCCAATCCA;
Reverse, TGCTGACCTAGGCTTGATGA
IL6: Forward, AGGAGACTTGCCTGGTGAAA;
Reverse, CAGGGGTGGTTATTGCATCT
IL8: Forward, ATGACTTCCAAGCTGGCCGTG;

Immunoblotting
Cell extracts were prepared in Laemmli sample
buffer. Protein concentrations were determined using
www.oncotarget.com
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Reverse, TGTGTTGGCGCAGTGTGGTC
CXCL1: Forward, CACCCCAAGAACATCCAA
AG; Reverse, TAACTATGGGGGATGCAGGA
IL5: Forward, GGTTTGTTGCAGCCAAAGAT;
Reverse, TCTTGGCCCTCATTCTCACT
β-actin: Forward, TTGGGGATCTGTCCACTCC;
Reverse, CACACCAGCCACCACTTTC

antibodies (1:25, Developmental Studies Hybridoma
Bank), respectively. These primary antibodies diluted in
blocking buffer were incubated at 37°C for 45 min. Slides
were washed in blocking buffer and incubated at 37°C
for 20 min with the following secondary antibodies: for
IdU, goat anti-mouse IgG1 conjugated to Alexa Fluor
546 (1:100, A21123, ThermoFisher Scientific); for CldU,
chicken anti-rat IgG conjugated to Alexa Fluor 488
(1:100, A21470, ThermoFisher Scientific); for DNA, goat
anti-mouse IgG2a conjugated to Alexa Fluor 647 (1:50,
A21241, ThermoFisher Scientific). Images were acquired
with a Zeiss Axio Imager Z1 microscope equipped with
a CoolSNAP camera (Photometrics) and a X63/1.4 NA
oil-immersion objective. Image processing was performed
with ImageJ software and statistical analysis was done
using GraphPad Prism using two-sided Mann-Whitney U
test.

Polysome fractionation and RNA preparation
Seventy-two hours after siRNA transfection, cells
were washed and harvested by scraping in ice-cold PBS
containing 100 µg/mL cycloheximide (Sigma-Aldrich).
Cells were then lysed in 0.9 mL of lysis buffer (10 mM
Tris-HCl, pH 7.4, 5 mM MgCl2, 100 mM KCl, 2 mM
DTT, 1% Triton X-100, 100 μg/mL cycloheximide, 1×
Protease-Inhibitor Cocktail EDTA-free (Roche), and 450
U RNasin Plus RNase inhibitor (Promega). Lysates were
homogenized by gentle pipetting up and down, incubated
at 4°C for 10 min, and centrifuged at 2000 g for 5 min at
4°C. Supernatants were recovered and further centrifuged
at 13 000 g for 5 min. Absorbance at 260 nm was measured
using an aliquot of the resulting supernatants and 13
optical density (OD) A260 units were loaded on top of a
10–50% (w/v) sucrose gradient in 20 mM HEPES-KOH,
pH 7.4, 5 mM MgCl2, 100 mM KCl, 2 mM DTT, and 100
μg/ mL cycloheximide. Gradients were centrifuged in
a SW41 rotor (Beckman) at 35 000 rpm for 2 h 10 min
at 4°C. Fifteen fractions were collected with a fraction
collector (Brandel Inc) with continuous measurement of
the absorbance at 254 nm. RNAs were extracted from each
fraction with an equal volume of TRIzol (Sigma-Aldrich)
and, prior to RNA precipitation with isopropanol, 5 ng of
luciferase spike-in standard RNA (Promega) were added
to each sample to serve as a control for the efficiency of
RNA isolation and qRT-PCR analysis.

Statistical analysis
Graphs and statistical analysis were performed
using the GraphPad Prism software (version 6). Data are
expressed as means ± SEM. Comparisons between two
groups were assessed by unpaired, two-tailed t test or
two-sided Mann-Whitney U test. P < 0.05 was considered
statistically significant. Statistical details and significance
levels can be found in the figure legends.
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