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Ionizing radiation (IR) is a physiologically important stress to which cells respond by the activation of
multiple signaling pathways. Using a panel of immortalized and transformed breast epithelial cell lines,
we demonstrate that IR regulation of protein synthesis occurs in nontransformed cells and is lost with
transformation. In nontransformed cells, IR rapidly activates the MAP kinases ERK1/2, resulting in an
early transient increase in cap-dependent mRNA translation that involves mTOR and is radioprotective,
enhancing the translation of a subset of mRNAs encoding proteins involved in DNA repair and cell
survival. Following a transient increase in translation, IR-sensitive (nontransformed) cells inhibit cap-
dependent protein synthesis through a mechanism that involves activation of p53, induction of Sestrin 1
and 2 genes, and stimulation of AMP kinase, inhibiting mTOR and hypophosphorylating 4E-BP1. IR is
shown to block proteasome-mediated decay of 4E-BP1, increasing its abundance and the sequestration of
elF4E. The IR signal that impairs mTOR-dependent protein synthesis at late times is assembly of the DNA
damage response machinery, consisting of Mrell, Rad50, and NBS1 (MRN); activation of the MRN
complex kinase ATM; and p53. These results link genotoxic signaling from the DNA damage response

complex to the control of protein synthesis.

Studies have shown that ionizing radiation (IR) alters gene
expression much more profoundly at the level of mRNA trans-
lation than at transcription (44). This may reflect the fact that
up to 40% of the total energy requirement of the cell is in-
vested in protein synthesis (5, 46). Protein synthesis is highly
regulated for that reason and is acutely responsive to growth
and stress stimuli, thereby coupling mRNA translation activity
to the metabolic demands on the cell.

There is very little mechanistic or regulatory understanding
of translational control by IR in transformed and nontrans-
formed mammalian cells. High doses of IR have been reported
to inhibit overall protein synthesis in highly transformed cells
by acting on the cap initiation complex (36) or by reducing
levels of initiation factor eIF4G (51), a member of the com-
plex. The cap initiation complex consists of three core proteins:
elF4E, a protein that binds the 7-methyl-GTP (m’GTP) 5’
capped end of the mRNA and promotes assembly of the com-
plex with ribosomes; the molecular scaffold eIF4G, upon which
initiation factors and 40S ribosome subunits assemble; and the
ATP-dependent RNA helicase elF4A. Most mRNAs are
translated in mammalian cells through a cap-dependent mech-
anism and are thought to use the cap initiation complex to
recruit and assemble scanning ribosomes. IR reportedly dis-
rupts cap initiation complexes by activation of the eIF4E-in-
hibitory protein 4E-BP1 (36, 51). 4E-BP1 is typically inacti-

* Corresponding author. Mailing address: Department of Microbi-
ology, NYU School of Medicine, 550 First Avenue, New York, NY
10016. Phone: (212) 263-6006. Fax: (212) 263-8276. E-mail: schner01
(@med.nyu.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

+S.B. and M.L.B. contributed equally to this work.

§ Present address: Department of Cell Biology, Memorial Sloan
Kettering Cancer Center, New York, NY.

" Published ahead of print on 24 August 2009.

5645

vated by phosphorylation carried out by the protein kinase
mTOR, but under stress conditions, mTOR activity can be
inhibited, thereby blocking cap-dependent mRNA translation.
4E-BP1 and ribosomal S6 kinase (S6K) are direct targets of
mTOR, which phosphorylates and inactivates 4E-BP1, phos-
phorylates and activates S6K, and stimulates cap-dependent
mRNA translation (27). 4E-BP1 activity is therefore controlled
by mTOR kinase activity, which is in turn regulated by the
upstream phosphatidylinositol 3-kinase/Akt pathway (27). The
activity of 4E-BP1 can also be controlled by the p38-MAP
kinase—extracellular signal-regulated kinase (ERK) pathway
(3, 7). Both mTOR and ERK inhibit 4E-BP1 through phos-
phorylation of its two primary regulatory sites, Thr70 and
Ser65 (22, 30).

Studies have not systematically investigated the IR response
to and mechanism of action on protein synthesis in nontrans-
formed cells, which are considerably more radioresponsive
than highly transformed cells. It has been reported that trans-
formed cells undergo no change in overall protein synthesis
with irradiation (63). Notably, transformed cells are thought to
be considerably more radioresistant, necessitating the very
high doses of IR (20 to 50 Gy) that were used in many studies
to achieve measurable inhibition of protein synthesis. Several
studies in mouse embryo fibroblast cultures showed that IR
can activate mTOR, but the mechanism and impact on protein
synthesis were not investigated. This is of particular interest,
because mTOR inhibitors, such as rapamycin, have been
shown to be effective sensitizers of IR-mediated cancer cell
killing and to increase damage to the tumor vasculature (2, 6,
16, 59). Here, we report the surprising finding that irradia-
tion of immortalized breast epithelial cells immediately and
transiently stimulates protein synthesis through activation of
ERK and increased mTOR activity. We demonstrate that
nontransformed cells subsequently inhibit cap-dependent
protein synthesis in an IR dose-dependent manner through
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assembly of the DNA damage response apparatus, com-
prised of Mrell, Rad50, and NBS1 (the MRN complex),
and activation of ATM and p53, resulting in activation of the
p53 Sestrin proteins, activation of AMP kinase (AMPK),
and inhibition of mTOR. In nontransformed cells, this also
results in novel stabilization of the 4E-BP1 protein against
proteasome decay, which blocks mRNA translation. These
studies elucidate a complex regulatory pathway for the con-
trol of protein synthesis that is unique to IR and is lost with
transformation in breast cancer cells.

MATERIALS AND METHODS

Cell culture. Human breast cancer cell lines were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA). The cell lines consisted of
MCF10A immortalized breast epithelial cells, UACC-893 cells derived from a
primary stage 2 invasive ductal carcinoma (IDC) (grade 3; Her2/neu* p53*
estrogen receptor [ER]/PR™); HCC70 cells derived from a stage 3A primary
IDC (grade 3; Her2/neu™ p53* ER"/PR™), HCC1395 cells derived from a stage
1 primary 1DC (grade 3; Her2/neu™ p53* ER*/PR™), and BT474 cells derived
from a stage 4 IDC (grade 3; p53* ER™/PR™). The cells were grown under the
guidelines of the ATCC in their recommended media. The cells were transfected
with DNA plasmids using Fugene reagent as described by the manufacturer
(Roche).

Irradiation, hypoxia, and etoposide treatments. Hypoxic culture conditions
(0.5% O,, 5% CO,) for up to 24 h were used, and all experiments were
performed as described previously (8). The cells were irradiated with a
Varian Linac 2300 linear accelerator at a dose rate of 22 Gy/min at room
temperature for the doses shown. Mock-treated cells were handled identi-
cally, except for irradiation. Etoposide was added at 34 puM to the cultures for
the times indicated in the text.

[3*S]methionine incorporation assay. Cells were labeled with 50 pCi of
[*S]methionine/cysteine per ml (Easytag Express Protein Labeling Mix; Dupont/
NEN) in methionine/cysteine-free Dulbecco’s modified Eagle’s medium for 1 h,
and lysates were prepared as described previously (8). The specific activity of 35S
incorporation was determined by trichloroacetic acid precipitation onto GF/C
filters and liquid scintillation counting.

Antibodies and immunoblot analysis. Rabbit polyclonal antiserum to eIF4G
was described previously (12). Mouse monoclonal anti-eIF4A antibody was pro-
vided by W. Merrick (Case Western Reserve University, Cleveland, OH). Other
antisera—rabbit polyclonal anti-eIF2aP (Ser51) antibody (Biosource) and rabbit
polyclonal anti-eIF2a antibody (Santa Cruz Biotechnology)—were from com-
mercial sources. All other antibodies were from Cell Signaling Technology. An
enhanced-chemiluminescence system (Amersham) was used for detection. Fol-
lowing treatments, the cells were washed twice in ice-cold phosphate-buffered
saline, lysed in 0.5% NP-40 lysis buffer at 4°C, and clarified by centrifugation at
13,000 X g for 10 min. Protein concentrations were determined for each sample
by Bradford assay (Bio-Rad, Hercules, CA). To determine the total levels and
phosphorylation statuses of specific proteins, equal amounts of protein from
NP-40 lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and analyzed by protein immunoblotting with specific
antibodies. The phosphorylation status of 4E-BP1 using electrophoretic migra-
tion was determined by electrophoresis in SDS-15% PAGE, whereas 8% gels
were used to determine total 4E-BP1 levels. The phosphorylation statuses of
most proteins were determined by first immunoblotting membranes with phos-
phospecific antibody and then stripping the membranes using Restore Western
blot stripping buffer (Pierce), followed by reprobing the membranes with non-
phosphospecific antibodies.

Analysis of eIF4E and 4E-BP1 interaction. Equal amounts of protein from
NP-40 cell lysates were incubated with m’GTP-Sepharose 4B (30 pl of settled
bed volume) for 2 h at 4°C. The pelleted beads were washed and eluted as
described previously (8). The pellet was solubilized in 1X SDS sample buffer and
heated to 37°C for 20 min before being boiled and analyzed by SDS-PAGE and
immunoblotting.

Retroviral and lentivirus expression studies. Constitutively active Flag-
GADD34 C-terminal protein fragment (A1) cloned into pBABE-puro, a retro-
virus expression vector, was provided by D. Ron (NYU Medical School, New
York, NY) (49). Cloning of 4E-BP1 expression vector into the pBABE vector
and transformation of cells with vectors were previously described (8). Interfer-
ing RNAs were delivered by transduction of cells with lentivirus short hairpin
RNA (shRNA) expression vectors. Double-stranded shRNAs for cloning into
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lentivirus vectors were directed to either the 5’ or 3’ untranslated regions of
mRNAs targeted for gene silencing. To produce virus containing the shRNA-
generating cassette, 293GP cells were transfected with 4 wg each of pCI-VSV-G,
pCMVDS8.2R’, and pLKO0.1 with the use of Fugene (Roche). Target cells were
infected in the presence of Polybrene (4 mg/ml) and selected with puromycin for
48 h. Retrovirus-containing supernatants were harvested after 48 h, passed
through a 0.45-pm filter, and frozen at —80°C until they were used. Target cells
were subsequently infected by the addition of retrovirus-containing supernatants
to the medium, along with Polybrene.

Single-step real-time qRT-PCR. Quantitative reverse transcription (qRT)-
PCR analysis of mRNAs was performed using the SYBR green QRT-PCR Kit
(Sigma) in a Lightcycler instrument (Roche). RT was carried out at 61°C for 20
min and denaturation at 95°C for 30 s, followed by 45 cycles of amplification:
95°C for 2 s for denaturation, 59°C for 5 s for annealing, and 72°C for 10 s for
amplification and acquisition. The primer sets employed for specific gene quan-
tification were designed using Roche’s RT-PCR primer design tool.

Statistical analysis. Statistical analyses used the two-tailed Student # test, with
a P value of <0.05 taken as significant.

RESULTS

Nontransformed breast epithelial cells exhibit a scalable
biphasic translational response to IR. We investigated the
effect of IR on overall protein synthesis activity and its rela-
tionship to increasing transformation of breast cancer cell
lines. Breast cancer cells that were previously shown to com-
prise a panel of increasingly transformed cell lines (8) were
chosen. They consisted of MCF10A cells (immortalized human
breast epithelial cells), HCC1395 cells (ER*, wild-type p53,
early-stage, intermediate-grade human ductal carcinoma),
UACC-893 cells (ER™, wild-type p53, intermediate-stage and
-grade ductal carcinoma), HCC70 cells (ER™, p53 mutated,
intermediate-stage and -grade ductal carcinoma), and BT474
cells (ER", p53 mutated, high-stage and -grade ductal carci-
noma). Transformation was previously assessed based on a
panel of in vitro criteria, i.e., growth in soft agar and the ability
to form tumors in nude mice, among other standard features of
transformation. The cells were treated with a single fraction of
8 Gy IR, followed 24 h later by metabolic labeling with
[*°S]methionine/cysteine to determine the overall protein syn-
thesis activity of the viable fraction of cells. Nontransformed,
immortalized breast epithelial MCF10A cells demonstrated
>60% reduction in protein synthesis by 24 h following treat-
ment with 8 Gy IR, whereas highly transformed BT474 cells
were resistant (Fig. 1A). Cell lines, such as HCC1395 and
UACC-893, that were more transformed than MCF10A cells
but less so than BT474 cells demonstrated intermediately de-
creased IR-mediated inhibition of protein synthesis (Fig. 1A).
This was also observed in other cell lines in similar states of
transformation (data not shown).

The kinetics of the protein synthesis response revealed an
unexpected dose-dependent early increase in protein synthesis
by as much as 30 to 40% at 4 to 8 Gy IR in radioresponsive
MCF10A cells (Fig. 1B) (P < 0.05). The early increase in
protein synthesis immediately following IR was not observed in
transformed BT-474 cells (Fig. 1C) (P < 0.05) or other highly
transformed cells (data not shown). The maximum increase in
protein synthesis by IR occurred most strongly at 4 to 8 Gy but
was still pronounced at 2 Gy and occurred 2 to 6 h posttreat-
ment. There was also a correlation between an increased IR
dose level and later inhibition of protein synthesis in MCF10A
cells (Fig. 1B). IR doses greater than 8 Gy showed even more
substantial inhibition of protein synthesis but were associated
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FIG. 1. IR differentially regulates protein synthesis in transformed
and nontransformed cells. (A) Established cell lines with increasing
transformation, from immortalized breast epithelial cells (MCF10A)
to highly transformed breast cancer cells (BT474), were propagated
under identical conditions and either left untreated or treated with 8
Gy IR (the highest tolerated dose for MCF10A cells), and protein-
synthetic activity was measured 24 h later in the surviving fraction by
[**S]methionine/cysteine incorporation and determination of protein
specific activity. The data are presented as the ratio of treated to
untreated specific activities of protein labeling plus standard errors of
the mean. (B and C) Protein synthesis rates of MCF10A cells (B) and
BT474 cells (C) with increasing IR doses. The rates were measured by
[**S]methionine/cysteine incorporation and determination of protein
specific activity. The data presented were derived from the mean of at
least three independent experiments.

with considerable cytotoxicity at 24 h (data not shown). Col-
lectively, these data demonstrate a dose-dependent biphasic
response in global protein-synthetic rates following IR in ra-
dioresponsive immortalized breast epithelial cells. They also
suggest that with frank transformation cells become resistant
to inhibition of protein synthesis by IR.
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FIG. 2. Effect of early-phase protein-synthetic activity on gene ex-
pression and viability. (A) MCF10A cells were left untreated (0 h) or
treated with 8 Gy IR and then, at 2 or 24 h, treated with 10 pg/ml
cycloheximide (CHX) or mock treated, and the protein-synthetic rates
were determined by [**S]methionine incorporation for 1 h. (B) Immu-
noblot analysis of cellular lysates from cells treated in parallel with
those in panel A. Equal amounts of total protein were resolved by 10%
SDS-PAGE and identified by specific antibodies as indicated. The
immunoblots are representative of typical results from at least three
studies. All data presented were derived from the mean of at least
three independent experiments, with standard errors of the mean
shown.

Rapid, early translation increase promotes accumulation of
radioprotective proteins. It was previously proposed that main-
tenance or increased protein synthesis following IR might
serve as a protective stress response (44) or, in dendritic cells,
as part of an IR-induced inflammatory signal required for
immune functions and cell survival (39). We therefore tran-
siently blocked the early translation phase by treatment of cells
with the protein synthesis inhibitor cycloheximide for 1 h im-
mediately following treatment with 8 Gy IR. The 1-h cyclohex-
imide treatment blocked the initial IR-mediated increase in
protein synthesis at 4 to 6 h in MCF10A cells, but not the late
inhibition at 24 h (Fig. 2A). As the DNA damage response is
associated with induction of coordinated programs of cell cycle
arrest, DNA repair, and modulation of apoptosis, we examined
MCF10A cells for factors associated with these functions (Fig.
2B). Immunoblot analysis of IR-treated cells showed induction
of 53BP1 and p21, which are involved in p53 activation, DNA
repair, and G,/M arrest, all of which were decreased in the
cycloheximide-treated group at 24 h. Of note, XIAP and sur-
vivin, which suppress apoptosis, were blocked in induction
following IR treatment by cycloheximide treatment, which was
also associated with induction of apoptosis, as indicated by
cleavage of caspase 3 and PARP. These data suggest, but do
not prove, that the IR-mediated transient increase in protein
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FIG. 3. Increased hyperphosphorylation of 4E-BP1 early after IR
promotes elF4F complex formation and protein synthesis. (A) 4E-BP1
was resolved by high-resolution SDS-15% PAGE using equal amounts
of protein extracts obtained from MCFI10A cells irradiated with a
single fraction of 8 Gy IR and harvested at the indicated time points.
Hyper- and hypophosphorylated forms of 4E-BP1 are indicated.
(B) Cells irradiated at 8 Gy were harvested at the times shown, equal
amounts of protein extracts were subjected to m’GTP-Sepharose cap
chromatography, and retentates were recovered by elution with SDS,
resolved by SDS-PAGE, and detected by immunoblot analysis with
antibodies as indicated. The flowthrough fraction (FT) of 4E-BP1 that
did not bind to m’GTP-Sepharose is shown. The data were quantified
by densitometry of autoradiograms from at least three independent
experiments. Representative results are shown. (C) MCF10A cells
were stably transformed with lentivirus vectors expressing NS or 4E-
BP1-silencing shRNAs, and equal amounts of protein lysates were
subjected to immunoblot analysis with antibodies as shown.
(D) MCF10A cells silenced as for panel C were subjected to 8 Gy
irradiation, and protein synthesis rates were determined 2 h later by
metabolic labeling with [**S]methionine/cysteine. (E) mTOR abun-
dance and activating phosphorylation at Ser2448 were determined in
MCF10A cells irradiated at 8 Gy at the times shown by immunoblot
analysis using specific antibodies as shown. All results are representa-
tive of at least three independent experiments, with standard errors of
the mean determined from all studies.

synthesis may be critical for the expression of multiple factors
that protect the cell against IR stress.

IR stimulates protein synthesis transiently by acting on
4E-BP1. We investigated the mechanism by which IR stimu-
lates protein synthesis shortly after irradiation. IR-sensitive
MCF10A cells were treated with 8 Gy IR, and the effect on
4E-BP1 phosphorylation was investigated. IR mediated an in-
crease in the hyperphosphorylation of 4E-BP1 within 2 h,
which was sustained at 6 h and decreased to control levels by
12 h (Fig. 3A). The hyperphosphorylation of 4E-BP1 was as-
sociated with an increase in elF4F/cap initiation complexes
between 2 and 6 h, as shown by m’GTP chromatography re-
covery of increased levels of eIF4G bound to eIF4E and de-
creased eIF4E interaction with 4E-BP1 (Fig. 3B). Silencing of
4E-BP1 (Fig. 3C) stimulated protein synthesis in control cells
and eliminated the IR-mediated increase observed 2 h after
irradiation (Fig. 3D). These data suggest that IR inhibition of
4E-BP1 at 8 Gy is primarily responsible for the early transient
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increase in protein synthesis in MCF10A cells. Since mTOR is
a major regulator of 4E-BP1 phosphorylation and activity, we
assessed the effect of IR on mTOR by investigating its activat-
ing phosphorylation (Fig. 3E). IR at 8 Gy induced a significant
but transient increase in mTOR phosphorylation at activating
site S2448 in MCF10A cells without changing the total mMTOR
protein levels, consistent with IR-mediated hyperphosphoryla-
tion of 4E-BP1 and stimulation of protein synthesis.

IR stimulates protein synthesis via ATM-dependent ERK
phosphorylation. We investigated the signaling pathway by
which IR promotes the rapid increase in protein synthesis.
Immunoblot analysis following IR revealed strong but tran-
sient phosphorylation of 4E-BP1 at Ser65 (Fig. 4A), a key
inactivating site, consistent with stimulation of protein synthe-
sis. While the IR-activated protein kinase ATM has been iden-
tified as a direct kinase for 4E-BP1, it has been linked solely to
phosphorylation of 4E-BP1 at Ser112, a nonconventional site,
and only in response to insulin (77). It should be noted that a
low level of ATM protein has been reported to be cytoplasmic
and to have cytoplasmic targets in a variety of cell types (38, 41,
55, 74). The effect of Ser112 phosphorylation on 4E-BP1 func-
tion is also not clear (17, 29). The cdc2-cyclin B complex is also
known to phosphorylate 4E-BP1 during mitosis (following the
G,/M checkpoint) as part of cell cycle regulation of transla-
tional control. However, it was unlikely that cdc2 activity was
responsible for the rapid phosphorylation of 4E-BP1, as most
cells were not in G,/M and treatment of cells with the cdc2
inhibitor roscovitine did not block transient 4E-BP1 phosphor-
ylation by IR (data not shown). Phosphorylation of 4E-BP1 has
also been linked to MAPK signaling (42). Specifically, ERK1/2
has been shown to stimulate mTOR in a variety of systems
through the canonical phosphatidylinositol 3-kinase/Akt path-
way, possibly by acting on PDK1 and RSK (70), and indepen-
dently of Akt, probably through RSK inhibition of the mTOR
inhibitor TSC2 (45). ERK can also directly phosphorylate 4E-
BP1 at Ser65, which, in cooperation with hierarchical phos-
phorylation at Thr37/46 by mTOR, reduces 4E-BP1 sequestra-
tion of eIF4E (14, 22, 28, 32). IR has been shown to rapidly
activate ERK in an ATM-dependent and transient manner (23,
72). Consistent with these findings, IR at 8 Gy was found to
activate ERK in MCF10A cells, shown by phosphorylation at
T202/Y204, which was rapid but transient, in accord with in-
creased phosphorylation of 4E-BP1 at activating site S65 (Fig.
4A). Analysis of several highly transformed breast cancer cell
lines revealed constitutively activated ERK that was not fur-
ther stimulated by IR, consistent with the established consti-
tutive activation of ERK with transformation and the lack of
effect of IR on 4E-BP1 phosphorylation and overall protein
synthesis rates in highly transformed cells (data not shown).

ERK phosphorylation of 4E-BP1 was also found to be im-
portant for the IR-induced transient increase in protein syn-
thesis in MCF10A cells, as shown by treatment with the ERK
inhibitor PD958059. ERK inhibition blocked the increase in
4E-BP1 Ser65 inactivating phosphorylation at 1 h following
treatment with 8 Gy IR in MCF10A cells (Fig. 4B) and the
slower electrophoretic migration of 4E-BP1, indicative of its
hyperphosphorylation (Fig. 4C). Similar results were found
with the ERK1/2 inhibitor U0126 (data not shown). Inhibition
of 4E-BP1 hyperphosphorylation mediated by ERK also pre-
vented the early increase in protein synthesis by IR (Fig. 4D).
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FIG. 4. 4E-BP1 is transiently phosphorylated at early times following IR treatment in a p53-independent, ATM-, ERK-, and mTOR-dependent
manner. (A) Immunoblot analysis of total cell lysate from MCF10A cells treated with 8 Gy IR and harvested at the times shown. Equal amounts
of total protein were resolved by SDS-12% PAGE and subjected to immunoblot analysis with protein- and phosphoprotein-specific antibodies as
shown. (B) Immunoblot analysis of MCF10A cells at 1 h following 8 Gy IR, treated simultaneously with vehicle alone or the ERK inhibitor
PD98059 (PD) at 20 wM or subjected to shRNA gene silencing for ATM alone or in combination with PD98059. Equal amounts of total protein
(25 pg) were loaded for analysis on SDS-10% PAGE. Immunoblot analysis used protein- and phosphoprotein-specific antibodies as shown. rap,
rapamycin. (C) Study conducted as for panel B but including high-resolution SDS-15% PAGE analysis of 4E-BP1 and use of the ATM inhibitor
(inh.) KU55933 at 10 uM added 30 min prior to IR treatment and washed out 20 min following treatment. (D) Protein-synthetic rates in MCF10A
cells treated with vehicle or the MEK inhibitor PD98059 at 20 wM for 2 h immediately following treatment with 8 Gy IR. Protein synthesis activity
was determined by [**S]methionine/cysteine metabolic labeling of MCF10A cells, either untreated or treated with 8 Gy IR, with or without
inhibition of ERK with PD98059. (E) Protein synthesis activity was determined as for panel D for MCF10A cells silenced for ATM or p53 or
expressing NS shRNA from lentivirus vectors at 2 h following treatment with 8 Gy IR. (F) Immunoblot analysis of total cell lysate from MCF10A
cells stably transformed with lentiviruses expressing NS or p53 shRNA. The lysates were reduced by SDS-10% PAGE and probed with protein-
and phosphoprotein-specific antibodies as shown. Typical results of at least three independent experiments are shown for all studies. Standard

errors of the mean (D and E) were calculated from the means of three

Moreover, prevention of ATM activity by either shRNA silenc-
ing or chemical inhibitor reduced IR-mediated 4E-BP1 phos-
phorylation at Ser65 (Fig. 4B) and its hyperphosphorylation
(Fig. 4C) and eliminated the early transient increase in protein
synthesis by IR (Fig. 4E). In contrast, silencing of p53 was not
associated with any change in 4E-BP1 phosphorylation (Fig.
4F) or protein synthesis (Fig. 4E). ERK can potentially also
block TSC2, leading to greater mTOR activity and increased
phosphorylation of 4E-BP1. Inhibition of mTOR with rapamy-
cin partially blocked IR-mediated phosphorylation of 4E-BP1
at Ser65 (Fig. 4B), but not to the extent of ERK inhibition.
Inhibition of ERK and mTOR most strongly blocked 4E-BP1
phosphorylation equivalent to ERK inhibition or ATM silenc-
ing. Thus, it is likely that ERK acts directly on 4E-BP1 and
indirectly via TSC2/mTOR following IR. These results dem-
onstrate that nontransformed MCF10A breast epithelial cells
respond to IR with an early transient, but significant, escalation

independent experiments.

of global protein synthesis, which is dependent upon signaling
by the ATM and ERK pathways.

Inhibition of translation by IR involves stabilization of 4E-
BP1. The inhibition of protein synthesis following IR has not
been well studied, but it has been suggested to involve inhibi-
tion of mTOR activity (68). We therefore examined the abun-
dance of cap initiation complexes (eIF4F) and 4E-BP1 activity
during protein synthesis inhibition in control and 8-Gy-irradi-
ated MCF10A cells. In addition to an expected shift to the
hypophosphorylated form, there was an unexpected striking
increase in the total abundance of 4E-BP1 in MCF10A cells at
late times (between 12 and 24 h) following 8-Gy-IR treatment
(Fig. 5A). Analysis of cap initiation complex stability by
m’GTP-Sepharose chromatography of eIF4E and associated
proteins revealed a significant decrease in the formation of
elF4F complexes at 24 h, which was associated with increased
abundance of 4E-BP1, its increased association with eIF4E,
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FIG. 5. IR increases the stability of 4E-BP1 by preventing its ubiq-
uitination and proteasome-mediated rapid decay. (A) 4E-BP1 was
resolved by high-resolution SDS-15% PAGE using equal amounts of
protein extract from MCF10A cells irradiated at 8 Gy and harvested at
the times shown post-IR treatment. Proteins were detected by immu-
noblot analysis. hyper-P, hyperphosphorylated; hypo-P, hypophos-
phorylated. (B) MCF10A cells subjected to 8 Gy IR were harvested at
the times shown, equal amounts of protein extract were subjected to
m’GTP-Sepharose cap chromatography, and retentates were recov-
ered by elution with SDS, resolved by SDS-10% PAGE, and detected
by immunoblot analysis with antibodies as indicated. The flowthrough
fraction (FT) of 4E-BP1 that did not bind to m’GTP-Sepharose is
shown. Representative results are shown for three independent exper-
iments. (C) MCF10A cells were transfected with a His-Myc-tagged
pentameric ubiquitin (UB) expression vector. The cells were either
untreated (control), hypoxia treated (24 h; 1% O,), or treated with 8
Gy IR, and equal amounts of protein extracts were resolved by SDS-
PAGE and detected by immunoblotting for 4E-BP1 or ubiquitin and
elF4E. 4E-BP1 blots were overexposed to reveal the ubiquitinated
4E-BP1 protein. (D) MCF10A cells were treated as described for
panel C, resolved by low-resolution SDS-8% PAGE, and detected by
immunoblot analysis within the linear range of radiological imaging.

and decreased presence of 4E-BP1 in the flowthrough fraction
(Fig. 5B). While transcriptional induction of 4E-BP1 has been
reported for some conditions of stress (60), measurement of
4E-BP1 mRNA levels by real-time qRT-PCR revealed no sig-
nificant transcriptional induction of 4E-BP1 by IR (data not
shown). 4E-BP1 has been previously reported to undergo rapid
proteasome-mediated degradation in primary fibroblasts in-
fected by human cytomegalovirus (73). MCF10A cells were
therefore transfected with an expression vector for Myc-His-
tagged ubiquitin, followed by IR treatment, and accumulation
of ubiquitinated 4E-BP1 was examined 24 h following treat-
ment (Fig. 5C). A low level of ubiquitinated 4E-BP1 was found
in untreated MCF10A cells, which was strongly increased by 8
Gy IR but not another stress, such as hypoxia (1% O,; 24 h)
(Fig. 5C). There was also no ubiquitin labeling of control
elF4E under hypoxia conditions. Addition of the proteasome
inhibitor MG132 to untreated cells resulted in fourfold-in-
creased accumulation of 4E-BP1, equal to that with IR (Fig.
5D), suggesting that IR inhibits rapid turnover of 4E-BP1
protein by the proteasome. While pS53 activation has been
implicated in proteolysis-mediated N-terminal truncation of
4E-BP1 to a hyperactive eIF4E-binding moiety (9, 67), we
found no evidence for this truncated form at the IR doses
employed in these studies (data not shown). Thus, IR uniquely
stabilizes 4E-BP1 against proteasome-mediated degradation
and promotes its dephosphorylation at late time points in IR-
sensitive MCF10A cells.
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FIG. 6. Increased abundance of 4E-BP1 is the primary means of
protein synthesis inhibition in IR-treated cells. (A) MCF10A cells were
stably transformed with lentivirus vectors expressing NS or 4E-BP1-
silencing shRNAs, and equal amounts of protein lysates were sub-
jected to immunoblot analysis with antibodies as shown. (B) MCF10A
cells stably transformed with NS and 4E-BP1-silencing lentivirus vec-
tors were subjected to 8 Gy IR, and protein synthesis activity in the
cells was determined by [**S]methionine/cysteine labeling. Cells were
harvested 24 h post-IR treatment. The results are the average of three
independent experiments with standard errors of the mean shown.
(C) A Flag-tagged 4E-BP1 protein was overexpressed in radioresistant
BT474 cells transformed with a ¢cDNA-expressing lentvirus vector.
Proteins were detected by immunoblotting with antibodies to 4E-BP1.
The decreased electrophoretic mobility of Flag-4E-BP1 is due to the
additional Flag motif. (D) Vector control and 4E-BP1-overexpressing
BT474 cells were subjected to 8 Gy IR, and protein synthesis rates
were determined 24 h later as described for panel B. The data are the
averages of three independent experiments, with standard errors of the
mean shown.

Depletion of 4E-BP1 blocks IR inhibition of protein synthe-
sis. Given the increased abundance of 4E-BP1, greater asso-
ciation with eIF4E, and disruption of eIF4F complexes at late
times following IR, we sought to determine whether 4E-BP1 is
the primary factor involved in translational inhibition by IR.
MCF10A cells were stably silenced for 4E-BP1 or nonsilencing
(NS) control using stable lentivirus shRNAs (Fig. 6A) and then
subjected to 8 Gy IR, followed by the determination of protein-
synthetic rates at 24 h post-IR treatment (Fig. 6B). Depletion
of 4E-BP1 significantly protected against IR-induced transla-
tional inhibition at 24 h post-IR treatment (Fig. 6B). 4E-BP1
silencing also prevented the disruption of eIF4F complexes, as
expected (data not shown).

To independently confirm the importance of 4E-BP1 in me-
diating IR-induced inhibition of protein synthesis, a Flag-
tagged form of the protein was overexpressed in highly trans-
formed BT474 cells, which are resistant to IR inhibition (Fig.
6C) and in which there is no change in 4E-BP1 or other
translation factor abundance with IR (see Fig. SIA in the
supplemental material). Whereas 4E-BP1 overexpression
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slightly reduced protein synthesis in untreated control cells, it
conferred a significant (>50%) reduction in protein synthesis
at 24 h, mediated by IR (Fig. 6D). These data further support
the primary role of 4E-BP1 abundance in IR inhibition of
protein synthesis.

Under conditions of severe stress, such as exposure to anoxia
(<0.02% 0O,) combined with serum starvation, the initiation
factor eIF2 undergoes inactivation by phosphorylation of its «
subunit, thereby inhibiting global protein synthesis (1). Since
we observed an increase in the overall levels of elF2a phos-
phorylation at late time points following high doses of IR in
MCF10A cells (>8 Gy) (see Fig. S1B in the supplemental
material), a retrovirus vector was used to express the GADD34
C-terminal fragment to constitutively dephosphorylate elF2a
at the inactivating site Ser51 (49). Stable expression of the
Flag-GADD34 C-terminal fragment fully blocked eIF2« phos-
phorylation in response to IR compared to vector-expressing
cells (see Fig. S1C in the supplemental material). However,
despite the inhibition of elF2a phosphorylation by the
GADD34 protein, protein synthesis was inhibited to the same
extent as in control cells after treatment with 8 Gy IR (see Fig.
S1D in the supplemental material). There was no change in the
inactivating phosphorylation state of elongation factor kinase
EF2K (see Fig. S1B in the supplemental material). These data
demonstrate that 4E-BP1 is the major effector of translation
inhibition following IR.

4E-BP1 inhibition of protein synthesis at late times follow-
ing IR requires ATM and involves p53. Stimulation (hypophos-
phorylation) of 4E-BP1 involves inhibition of mTOR activity.
The inhibition of mTOR activity is mediated by multiple up-
stream components that act on the TSC2 protein, particularly
AMPK and AKT (53). The LKBI1 protein has been associated
with p53 effector functions through direct interaction (33, 50).
Moreover, LKB1 was shown to directly activate AMPK in
response to energy stress (56, 57, 78), which linked LKB1 to
inhibition of mTOR through AMPK and TSC2 (40, 56). It was
also recently shown that p53 target genes encoding Sestrin 1
and 2 are activators of AMPK and inhibitors of mTOR activity
through AMPK phosphorylation of TSC2 (4). Thus, p53 acti-
vation by IR may inhibit mTOR via a Sestrin-LKB1-AMPK-
TSC2 pathway. We therefore examined the roles of ATM, p53,
and other key upstream mediators of IR responses in transla-
tional control pathways by silencing ATM and p53 in MCF10A
cells (Fig. 7A). Silencing of ATM (Fig. 7B) eliminated the
initial translational increase following IR and partially blocked
the inhibition of protein synthesis at later times (Fig. 7A).
Silencing of p53 (Fig. 7D) did not impair the early increase in
protein synthesis but did decrease the extent of inhibition at
late times, similar to ATM silencing (Fig. 7A). This was further
reflected in a greater fraction of hyperphosphorylated 4E-BP1
in ATM-silenced cells at 24 h following treatment with 8 Gy IR
(Fig. 7B). Also apparent was greater preservation of eIF4F
complexes at 24 h after treatment with 8 Gy IR, recoverable by
cap chromatography in p53-silenced (Fig. 7C) and ATM-si-
lenced MCF10A cells (Fig. 8C), again consistent with roles for
ATM and p53 in IR-mediated activation of 4E-BP1. It was also
apparent that silencing of ATM or p53 eliminated the in-
creased levels of 4E-BP1 in cells 24 h following treatment with
8 Gy IR (Fig. 7B and D). These data suggest that hyperphos-
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phorylation of 4E-BP1 is associated with its decreased stability
and proteasome-mediated turnover.

IR promoted increased levels of p53 and activation (S15
phosphorylation) at early times and some continued activation
at late times after 8-Gy irradiation of MCF10A cells (Fig. 7B),
which was associated with increased phosphorylation (activa-
tion) of AMPK at T172 and decreased phosphorylation of
S6K, as expected (Fig. 7D). Silencing of ATM increased the
hyperphosphorylation of 4E-BP1 at late times following IR
treatment (Fig. 7B). The role of TSC2 control of mTOR in
mediating 4E-BP1 phosphorylation and stability following IR
treatment was characterized using TSC2 silencing in MCF10A
cells. TSC2 silencing prevented increased abundance of 4E-
BP1 and blocked its dephosphorylation at 24 h following treat-
ment with 8 Gy IR (Fig. 7E). The requirement for ATM, p53,
AMPK, and TSC2 in the increased abundance and hypophos-
phorylation (activation) of 4E-BP1 at late times post-IR treat-
ment implies the involvement of p53-induced Sestrin 1 and 2.
These Sestrins were shown recently to promote AMPK activa-
tion and its inhibition of mTOR through phosphorylation of
TSC2 (4). MCF10A cells were therefore silenced for Sestrin 1
and 2 (Fig. 7F) and irradiated at 8 Gy, and protein-synthetic
rates were determined (Fig. 7G). Silencing of Sestrin 1 and 2
largely eliminated the inhibition of protein synthesis mediated
by 8 Gy IR at 24 h. Sestrin 1 and 2 therefore provide a critical
link between IR activation of ATM and p53 and the inhibition
of protein synthesis by 4E-BP1 in MCF10A cells.

The MRN DNA DSB complex initiates inhibition of protein
synthesis by IR. The ATM pathway regulates the cellular re-
sponse to DNA double-strand breaks (DSBs) that are induced
by IR and is potentially disrupted during tumorigenesis as part
of the promoted increased genomic instability (34). The initial
steps of ATM recruitment to sites of IR-induced DNA damage
indicate that the MRN complex initiates localization of ATM
and other signaling factors to the sites of DSBs (71) with
precise choreography of protein assembly at foci of DNA dam-
age (24, 43). ATM phosphorylates a number of proteins in-
volved in cell cycle checkpoint control, apoptotic responses,
and DNA repair, including p53, Chk2, BRCA1, H2AX, SMC1,
Radl7, Artemis, and NBS1 (35). We therefore silenced key
components of the MRN complex to determine whether the
DSB machinery is the IR sensor that signals to inhibit protein
synthesis in response to DNA damage.

MCF10A cells were stably transformed and silenced for
ATM, p53, Rad50, or NBS1 using lentivirus vectors (Fig. 7D
and 8A). The cells were irradiated at 8 Gy, and the effect on
protein synthesis was determined by metabolic labeling with
[*>S]methionine/cysteine at the indicated times post-IR treat-
ment. As shown above, silencing of ATM impaired the early
IR-mediated increase in protein synthesis and significantly
blocked protein synthesis inhibition at late times following IR
treatment (Fig. 8B). Similarly, silencing NBS1 largely blocked
both the early increase and the late decrease in protein syn-
thesis by 8 Gy IR (Fig. 8B), as did silencing of Rad50 (data not
shown). Thus, the DSB machinery itself is required for IR
sensing and transduction of translation-regulatory signals in
MCF10A cells.

The effect of NBS1 and ATM silencing on the integrity of
the eIF4F/cap initiation complex during irradiation was exam-
ined by cap affinity chromatography and immunoblot analysis
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FIG. 7. Late-phase inhibition of protein synthesis by IR is dependent upon p53 and p53-induced Sestrin 1 and 2 proteins. (A) MCF10A cells
were transformed with shRNA lentiviruses to ATM, p53, or NS as described in Materials and Methods and treated with 8 Gy IR, and
protein-synthetic rates were measured over a 24-h period. (B) MCF10A cells were transformed with lentivirus vectors expressing shRNAs against
ATM or NS, treated with 8 Gy IR, and harvested at 2 h, 12 h, or 24 h post-IR treatment. Equal amounts of protein from total cell lysates were
analyzed by SDS-10% PAGE and subjected to immunoblotting with protein- and phosphoprotein-specific antibodies as shown. hyper, hyperphos-
phorylated; hypo, hypophosphorylated. (C) m’GTP cap chromatography and immunoblot analysis of NS and p53-silenced MCF10A cells treated
with 8 Gy IR and harvested at the indicated times. (D) MCF10A cells were transformed with lentivirus vectors, silenced for p53, treated with 8
Gy IR, and analyzed by immunoblot analysis at 2 h and 24 h post-IR treatment. (E) NS or TSC2-silenced (TS) MCF10A cells were treated with
8 Gy IR, harvested at the indicated times, and analyzed by immunoblot analysis using equal amounts of protein from total cell lysates. (F) Sestrin
1(S1) and 2 (S2) were silenced in MCF10A cells using shRNA-expressing lentivirus vectors. mRNA levels were determined by real-time qRT-PCR.
(G) Sestrin-silenced MCF10A cells and control NS cells were subjected to 8 Gy IR, and protein synthesis rates were determined by metabolic
labeling with [**S]methionine/cysteine. The results represent the average of three independent experiments, with standard errors of the mean
shown.

(Fig. 8C). Consistent with the effect on protein synthesis, si-
lencing of NBS1 or ATM in MCF10A cells largely eliminated
the increased interaction of eIF4G with eIF4E early after IR
treatment, their decreased interaction at late times, and the
increased binding of 4E-BP1 to eIF4E at late times. Silencing
of NBSI also blocked signaling to the key transducers of the
8-Gy-IR response, shown earlier to regulate mTOR/4E-BP1
abundance and availability (Fig. 8D). Silencing of NBSI
blocked IR activation of ATM, shown by reduced Ser1981
phosphorylation; activation of p53, shown by reduced Serl5
phosphorylation; and increased accumulation of 4E-BP1 pro-
tein at late times post-IR treatment. That functional assembly

of the MRN complex is required for the response of protein
synthesis to IR was shown by control studies. Inhibition of
ATM with the potent inhibitor KU55933 blocked accumula-
tion and activating phosphorylation of y-H2AX in response to
IR (Fig. 8E).

DISCUSSION

There have been surprisingly few studies directed to under-
standing the regulation of protein synthesis by IR, a ubiquitous
and highly relevant genotoxic stress. Studies have previously
explored a connection between p53, mTOR signaling, and pro-
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tein synthesis. Using a temperature-sensitive p53 mutant, de-
phosphorylation of 4E-BP1 (activation) and p70S6K (inactiva-
tion) were observed as functions of p53 activity at permissive
temperature (31). No contribution by eIF2a phosphorylation
to the inhibition of protein synthesis was found, consistent with
our findings. In addition, pS3-dependent increased expression
of PTEN was observed under protracted conditions of stress
(61) that involved transcriptional upregulation of AMPK and
TSC2 activity but required prolonged p53 activation (>18 h) in
engineered cell lines (19, 20). Importantly, induction of p53
following IR is relatively transient and typically much lower
(18).

A transient, rapid increase in protein synthesis observed as
part of a biphasic response to IR (Fig. 1B) has been noted
previously in other studies, as well. With IR treatment of <2
Gy, the EGF and ErbB2 receptors were found to mediate a
rapid increase in p70S6K activity and increased protein syn-
thesis activity (10). IR-induced phosphorylation of p70S6K was
inhibited by MAPK blockade or rapamycin treatment, consis-
tent with our results for transient increased 4E-BP1 phosphor-
ylation (inactivation) following IR treatment, which we showed
was mediated by increased ERK and mTOR activity (Fig. 4). It
is well established that ERK is involved in survival signaling, is
activated in response to a variety of genotoxic stresses, and may
function in response to DNA damage (66). Moreover ERK has
been recognized as an activator of mTOR and p70S6K and as
an inhibitor of 4E-BP1 (30, 58).

The mechanism for ATM in the stimulation of ERK activity
remains unclear. Several reports demonstrated a requirement
for ATM that is independent of p53 and for subsequent ERK
activation following activation of the DNA damage response
(23, 66). These data are also consistent with our results, par-
ticularly the requirement for ATM in both early and late
phases of IR protein synthesis regulation (Fig. 7) and the
ability to significantly prevent translation inhibition by silenc-
ing MRN complex proteins (Fig. 8). Furthermore, mTOR ac-
tivity was found to be required for maximal ERK activation
following IR treatment (48), reported to be potentially medi-
ated by mTOR regulation of protein phosphatase 2A activity
on ERK (26). The lack of a pronounced biphasic translation
response in highly transformed cells is likely the result of a
largely constitutively active mTOR signaling pathway and in-
creased basal ERK activity.

The inhibition of protein synthesis at later times following
IR treatment involves ATM signaling and activation of AMPK,
leading to inhibition of mTOR. Nuclear accumulation of
mTOR following IR treatment was previously reported (47,
51), but it was not observed in our studies (data not shown). A
shift in mMTOR compartmentalization as a means for IR inhi-
bition can therefore be excluded.

Our results indicate that inhibition of mTOR is largely p53
dependent, acting by Sestrin 1 and 2 protein activation of
AMPK and inhibition of mTOR (Fig. 7). The failure to fully
recover protein synthesis at later time points with p53 silencing
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may be related to residual p53 protein, similar to the inability
to fully recover protein synthesis with ATM or NBS1 silencing.
Low levels of ATM may be sufficient to activate downstream
effectors (37), and there are several recognized redundant sig-
naling interactions within the DNA damage response, includ-
ing the phosphorylation of p53 by ATR (69) and the phos-
phorylation of LKB1 by DNA-PK (54). Our analysis of the
assembly of the YH2AX/DNA damage response MRN com-
plex (Fig. 8E) is consistent with this interpretation.

Several reports have demonstrated that ATM directly
phosphorylates and activates LKB1 (21, 54). LKBI1 is a rec-
ognized activator of AMPK, which then activates TSC2,
resulting in mTOR inhibition (11). Moreover, a recent study
has indicated that ATM can directly phosphorylate and ac-
tivate AMPK in an LKBl-independent fashion (62, 64).
Alternatively, p53-induced Sestrin 1 and 2 proteins also
activate AMPK (4), which was substantiated for IR action by
our work. Thus, in combination with Sestrin inhibition of
mTOR through AMPK activation, there are multiple mech-
anisms for inhibition of mTOR activity. A p53-mediated
TSC2 activation that requires AMPK was also shown by
inhibition of AMPK with compound “C” (data not shown),
a selective AMPK small-molecule inhibitor.

The late IR inhibition of protein synthesis was directly
linked to activation (hypophosphorylation) of 4E-BP1 and in-
hibition of cap-dependent protein synthesis. Surprisingly, we
found that the abundance of 4E-BP1 was upregulated >3-fold
by IR at late times and was a result of enhanced protein
stability due to decreased proteasome-mediated decay. Stabi-
lization of 4E-BP1 may be associated with a general inhibition
of proteasome activity associated with IR in a dose-dependent
manner (52). In addition, it has been shown that hypophos-
phorylated 4E-BP1, as observed at late times following IR
treatment, is also associated with increased 4E-BP1 stability
against proteasome-mediated protein degradation (15).

It is well recognized that exposure of tumor cells to IR leads
to activation of multiple survival signaling pathways that main-
tain cell viability (13, 25, 75, 76). Our results demonstrated an
initial increase in protein synthesis associated with production
of components of the DNA damage response (53BP1 and
p21), as well as prosurvival proteins (XIAP and survivin), and
abrogation of this translational response by treatment with
cycloheximide or ERK inhibition, resulting in greater radio-
toxicity. Several reports have substantiated the role of early
activation of growth factor signaling in radioprotective effects
following IR treatment (65). Activation of mTOR, in particu-
lar, following IR treatment has been demonstrated to be vital
in yeast for radioresistance, and it has been shown to suppress
mutagenesis and increase survival via induction of ribonucle-
otide reductase activity that is critical for DNA repair during S
phase (58).

Cellular IRES-dependent translation has emerged as particu-
larly significant under conditions of severe stress and apoptosis,
which are also observed with high-dose IR treatment. As we have
shown here, profound repression of cap-dependent protein syn-
thesis appears to be protracted, with recovery of protein synthesis
delayed until >48 h following high-dose IR treatment, and thus
noncanonical modes of gene expression may be particularly vital
for cellular survival and repair functions.
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