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Folding of newly synthesized polypeptides (NSPs) into functional proteins is a highly regulated process. Rigorous quality
control ensures that NSPs attain their native fold during or shortly after completion of translation. Nonetheless, signaling
pathways that govern the degradation of NSPs in mammals remain elusive. We demonstrate that the stress-induced c-Jun
N-terminal kinase (JNK) is recruited to ribosomes by the receptor for activated protein C kinase 1 (RACK1). RACK1 is an
integral component of the 40S ribosome and an adaptor for protein kinases. Ribosome-associated JNK phosphorylates the
eukaryotic translation elongation factor 1A isoform 2 (eEF1A2) on serines 205 and 358 to promote degradation of NSPs by
the proteasome. These findings establish a role for a RACK1/JNK/eEF1A2 complex in the quality control of NSPs in re-
sponse to stress.

Folding of nascent polypeptides is essential for optimal protein
function (1, 2). Nascent polypeptides that emerge from the

ribosome have surface-exposed hydrophobic domains that can
interact nonspecifically with other nascent polypeptides or a mul-
titude of proteins present in the cytosolic environment (3, 4). A
complex chaperone system facilitates the optimal folding of nas-
cent polypeptides while preventing protein aggregation, which
abrogates cell function (5–7). Although some of the components
of the mammalian chaperone system have been identified, their
detailed organization and function remain largely unknown. The
nascent-polypeptide-associated complex (NAC) is a ribosome-
coupled heterodimeric complex that binds short nascent chains,
thereby shielding them from inappropriate interactions (8). As
the nascent chains grow longer, NAC binding can be outcompeted
by other ribosome-associated factors, including the eukaryotic
elongation factor 1A (eEF1A) (9). eEF1A recruits aminoacylated
tRNA to the ribosome during elongation and is thus well posi-
tioned to coordinate mRNA translation with quality control of
nascent polypeptide folding. Indeed, this function of eEF1A has
been suggested in several organisms (10, 11).

Misfolded nascent polypeptides are targeted for degradation
by ribosome-associated ubiquitin ligases, thus avoiding the accu-
mulation of damaged proteins and protein aggregation (12, 13). A
sizable number of newly synthesized polypeptides (NSPs) are in-
correctly folded (i.e., defective ribosomal products [DRiPs] in
yeast) and undergo ubiquitin-dependent cotranslational degrada-
tion (14, 15). Multimeric complexes containing the eukaryotic
translation initiation factor 3 (eIF3) and proteasomal components
have been suggested to regulate degradation of NSPs in yeast (16).
However, the mechanism underlying regulation of the stability of
NSPs in mammals remains uncharacterized.

Stress-activated c-Jun N-terminal kinase (JNK) is a key com-
ponent in cellular stress response, implicated in the control of cell
survival through the spatial and temporal phosphorylation of its
cytosolic and nuclear substrates (17, 18). Our earlier studies have

demonstrated that JNK is a cotranslational regulator of the stabil-
ity of the tumor suppressor protein p53 (19). In addition, a recent
study pointed to the possibility that JNK has a broader impact on
the stability of NSPs (20). Herein, we show that RACK1, which
serves as a docking site for kinases on the ribosome (21), recruits
JNK to polysomes. Polysome-associated JNK mediates the phos-
phorylation of eEF1A2 on Ser205 and Ser358, which increases the
association of eEF1A2 with NSPs and their degradation by the
proteasome. These data establish the existence of a stress-induced
quality control mechanism for NSPs in mammals.

MATERIALS AND METHODS
Cell culture and antibodies. HEK293T and HEK293E cells were main-
tained in Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum and 100 �g of penicillin and streptomycin/ml (all
from Gibco). Where indicated, the cells were treated with 50 nM phorbol
12-myristate 13-acetate (PMA; Calbiochem) or exposed to UV irradiation
for 90 s using a standard cell culture UV lamp or for 5 min using
Stratalinker2400 (254 nm; 100 J/m2; Stratagene). Anti-eEF1A (recogniz-
ing both eEF1A1 and eEF1A2), anti-stress-activated protein kinase
(SAPK)/JNK, anti-phospho-SAPK/JNK (Thr183/Tyr15), and anti-Myc-
tag polyclonal antibodies were from Cell Signaling Technology. Monoclo-
nal antibodies anti-Myc (9E10), anti-Rpn2, and anti-rpS6 were from
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Santa Cruz; anti-eIF4E and anti-RACK1 from BD Transduction Labora-
tories; and anti-�-actin and anti-FLAG were from Sigma-Aldrich. Poly-
clonal mouse anti-eEF1A2 and polyclonal rabbit anti-eEF1A1 were from
Abnova. Polyclonal rabbit anti-JNK antibody that was used in coimmu-
noprecipitation experiments was obtained from Santa Cruz. Antibodies
against S358 of eEF1A2 were generated and affinity-purified using corre-
sponding phosphopeptide (Phosphosolution).

Constructs, lentiviral shRNA, RNA interference, and transfection.
The 6�His-tagged ubiquitin, pEF-FLAG JNK2 WT and pEF-FLAG
JNK2Thr183Ala/Tyr185Phe, pcDNA4/Myc-RACK1 and Myc-RACK1R38D/K40E

constructs were previously described (19, 22, 23). Human pGEX-6-P1/GST-
eEF1A1 and pGEX-1/GST-eEF1A2 were a generous gift from Zhao-Qing
Luo (Purdue University, Department of Biological Sciences) and Char-
lotte R. Knudsen (University of Aarhus, Department of Molecular Biol-
ogy), respectively. Human eEF1A2 was inserted into a pcDNA3.1 vector
(Invitrogen) containing an N-terminal FLAG tag using EcoRI and XhoI
restriction sites by conventional cloning techniques. Transfection of
HEK293T cells was performed using Lipofectamine 2000 reagent (Invit-
rogen) according to manufacturer’s instructions. shEEF1A2 (sense, 5=-ga
tccGTGCCCGTTTTACCAATAAttcaagagaTTATTGGTAAAACGGGCA
Ctttttg-3=; antisense, 5=-aattcaaaaaGTGCCCGTTTTACCAATAAtctcttga
aTTATTGGTAAAACGGGCACg-3=) and Scrambled (sense, 5=-gatccAC
TCCTATCGTTCCGCTTAttcaagagaTAAGCGGAACGATAGGAGTttttt
g-3=; antisense, 5=-aattcaaaaaACTCCTATCGTTCCGCTTAtctcttgaaTAA
GCGGAACGATAGGAGTg-3=) (uppercase, duplex sequences that form
the mature small interfering RNA [siRNA], once the short hairpin RNA
[shRNA] has been processed; lowercase, loop sequences) were inserted
into a pGreenPuro vector. The 293TN producer cell line was transfected
with shRNA construct and the pPACKH1 packaging plasmid mix (System
Biosciences) using Lipofectamine 2000. shJNK2 lentiviral vector
(TRCN0000001012) was obtained from Sigma-Aldrich. The amphotro-
pic phoenix packaging cell line was transfected with lentiviral shRNA
constructs using Lipofectamine 2000. Supernatants were collected 48 and
72 h posttransfection, filtered using a 0.45-�m-pore-size nitrocellulose
filter and applied to HEK293E cells. HEK293T cells were cultured in
100-mm dishes and transfected with 5 �g of pcDNA4/Myc-RACK1 or
Myc-RACK1R38D/K40E. These constructs do not contain a 3= untrans-
lated region (3=UTR). After 24 h, the cells were transfected with DsiRNA
duplex (10 nM) targeting the 3=UTR of human RACK1 (IDT;
HSC.RNAI.N005806.12.1). As a control, cells were transfected with
siRNA control oligonucleotide (10 nM; Dharmacon). Transfections were
performed using Lipofectamine 2000, and cells were analyzed 72 h after
delivery of DsiRNA.

[35S]methionine-cysteine pulse-chase. HEK293T cells were grown in
DMEM without methionine and cysteine and supplemented with 10%
dialyzed serum (both from Gibco) for 2 h. Subconfluent cells were then
labeled in the presence of 50 nM PMA with a 10-�Ci/ml mixture of
[35S]methionine-cysteine (Amersham) for 10 min (0 h time point),
washed three times in phosphate-buffered saline (PBS), and then chased
in six volumes of DMEM plus 50 nM PMA for the indicated periods. For
UV treatment, cells were first labeled for 10 min with [35S]methionine-
cysteine mixture, washed three times with PBS, and placed under a regular
tissue culture UV lamp hood for 90 s. For JNK-Inhibitor VII, TAT-TI-
JIP153-163 (Calbiochem) treatment, cells were incubated overnight with 10
�M JNK-Inhibitor VII. The assay was then performed in the presence of
10 �M JNK-Inhibitor VII for the indicated times. Cell lysis was performed
as previously described (24), and 10 �l of supernatant was precipitated by
trichloroacetic acid (TCA) on a filter paper. Filter papers were soaked in
scintillation fluid, and radioactivity was measured using a �-scintillation
counter.

His-ubiquitin pulldown of 35S-labeled polypeptides. Transfection of
the His-ubiquitin construct was performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s procedure. At 48 h post-
transfection, cells were labeled with a 10-�Ci/ml mixture of [35S]methio-
nine-cysteine in DMEM without methionine and cysteine and supple-

mented with 10% dialyzed serum (both from Gibco) for 30 min. His
pulldown was performed as previously described (25). Autoradiograms
were obtained by exposing dried gels to X-ray film for 16 h.

Polysomal fractionation and immunoprecipitations. HEK293T cells
were cultured in 150-mm plates and transfected with the indicated con-
structs for 48 h using Lipofectamine 2000 (Invitrogen). �70% confluent
cells were treated with 50 nM PMA (Calbiochem) for 30 min alone or in
combination with 100 �g of puromycin (Sigma-Aldrich)/ml where indi-
cated, washed twice with cold PBS, and lysed in hypotonic lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 2.5 mM MgCl2, 1.5 mM KCl, 100
�g of cycloheximide/ml, 2 mM dithiothreitol (DTT), 0.5% Triton X-100,
and 0.5% sodium deoxycholate. For experiments in which we studied
elongation rates (see Fig. 8E), cycloheximide was omitted throughout
preparation of polysomes. Lysates were cleared by centrifugation (12,000
rpm for 10 min at 4°C) and layered onto a 10 to 50% sucrose gradient.
Gradients were spun using a SW40 rotor (Beckman) at 36,000 rpm for 2 h
at 4°C. Then, 500-�l fractions were collected by upward displacement
with 60% sucrose, and the absorbance at 254 nm was continuously re-
corded using ISCO fractionator (Teledyne; ISCO). Fractions were precip-
itated with 10% TCA according to standard protocols, separated using
SDS-PAGE, and analyzed by Western blotting.

In cytosolic-ribosomal fractionation experiments, hydrosoluble frac-
tions (i.e., ribosome-free fractions localized on the top of the gradient)
and fractions containing polysomes were pooled and used as cytosolic and
ribosomal fractions, respectively.

For immunoprecipitations, polysomal extracts were obtained by pool-
ing the fractions corresponding to polysomes and diluting them with 5
volumes of NET-2 buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1
mM MgCl2, 0.5% [vol/vol] Nonidet P-40, 1� Complete protease inhibi-
tor [Roche]). Immunoprecipitations were carried out as previously de-
scribed (19). In brief, extracts were precleared with protein A-Sepharose
beads (Amersham) and incubated with protein A-Sepharose beads prein-
cubated with an anti-JNK, anti-Myc-tag antibody (both from cell Signal-
ing) or isotype-matched IgGs (Calbiochem) for 4 h using end-to-end
rotation at 4°C. After incubation, the beads were washed six times in
NET-2 buffer. Immunoprecipitated material was eluted using nonreduc-
ing sample buffer (Pierce) and analyzed by Western blotting.

In Fig. 1E, immunoprecipitation reactions were carried out in the
presence of RNase inhibitor (40 U of RNAsin [Invitrogen]/ml). Immu-
noprecipitates were washed once in NET-2 buffer, incubated in NET-2
buffer supplemented with 50 mM EDTA for 10 min at 4°C, and washed
four additional times in NET-2. Immunoprecipitates were split in half,
whereby RNA was isolated from one-half by TRIzol (Invitrogen) accord-
ing to the manufacturer’s instructions, whereas the other half was ana-
lyzed by Western blotting.

In Fig. 1A to C, the percentage of polysome-associated JNK (JNKP%)
was calculated using the following equation: JNKP% � 100 �
�{(OD[JNKPF]/OD[rpS6PF])/(OD[JNKInput]/OD[�-actinInput])}, with
the subscript “PF” referring to each of the light polysomal fractions in
which JNK was detected and where “OD” refers to the optical density. In
Fig. 5A and B, percentage of polysome-associated FLAG-JNK (JNKP%)
was calculated using JNKP% � 100 � �{(OD[FLAG-JNKPF]/
OD[rpS6PF])/(OD[JNKInput]/OD[rpS6Input])}. The same approach was
used to calculate the percentage of polysome-associated eEF1A2 in Fig. 8A
to C. Densitometric analysis was performed using ImageJ (W. S. Rasband,
ImageJ; National Institutes of Health, Bethesda, MD).

eEF1A2 cross-linking with newly synthesized polypeptides from
polysomal fractions. Subconfluent cells were labeled in the presence of 50
nM PMA with a 10-�Ci/ml [35S]methionine-cysteine mixture for 10 min.
To analyze the amount of 35S-labeled polypeptides bound to FLAG-
eEF1A2 on polysomes, the procedure to extract rRNA was modified to
allow the cross-linking reaction between eEF1A2 and newly synthesized
polypeptides as follows. Cells were lysed in 20 mM HEPES (pH 7.5), 100
mM NaCl, 30 mM MgCl2, 0.5% (vol/vol) sodium deoxycholate, 0.5%
(vol/vol) Triton X-100, and 1 mM DTT. After fractionation, polysomal
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fractions were pooled and incubated with or without 1 mM 3,3=-dithio-
bis[sulfosuccinimidylpropionate] (DTTSP; Pierce) for 30 min at room
temperature. Cross-linking was stopped by the addition of Tris-HCl (pH
7.5, 30 mM final concentration), and polysomal fractions were diluted
with five volumes of immunoprecipitation buffer (IP buffer; 50 mM Tris-
HCl [pH 7.5], 100 mM NaCl, 30 mM MgCl2, 0.5% [vol/vol] Nonidet
P-40). Samples were precleared with 50 �l of protein A-Sepharose beads
(Amersham) for 30 min at 4°C, followed by incubation with anti-FLAG
M2 affinity gel (Sigma-Aldrich) for 3 h using end-over-end rotation at
4°C. After incubation, the beads were washed five times with IP buffer,
and the immunoprecipitated material was eluted. DTTSP cross-links were
reversed by adding SDS-PAGE loading buffer containing �-mercaptoeth-
anol, and the eluted materials were resolved by SDS-PAGE. Fluorographic
detection of 35S was enhanced by incubating the gel with 1 M sodium
salicylate for 1 h, as previously described (26). The gel was dried, exposed
for 5 days on a phosphor screen, and analyzed using a Typhoon Phospho-
rImager (GE Healthcare).

To quantify the data, we undertook two independent quantification
approaches: (i) the densitometric analysis of the 35S-labeled material (Fig.
4I) and (ii) scintillation counting (Fig. 4J). In the first method, the quan-
tification was performed by measuring the OD of the total radioactivity
within each lane (excluding the band corresponding to FLAG-eEF1A2;
indicated by an arrow in Fig. 4) using ImageJ software (rsbweb.nih.gov/
ij/). This OD (which we referred to as “total radioactivity”) was then
normalized to integrated density of FLAG-eEF1A2 signal. The boundaries
of the FLAG-eEF1A2 band were defined in an unbiased way, being de-
tected by the local maxima of a longitudinal profile across the lane. Thus,
the resulting ratio accounts for potential interlane variability such as
FLAG-eEF1A2 levels. In the second method, 1/10 of the immunoprecipi-
tated material was TCA precipitated on a filter paper, and the radioactivity
was measured by using scintillation fluid in a �-counter. The obtained
values were then normalized to the integrated OD of FLAG-eEF1A2 signal
as in the first method.

Ribosome purification and in vitro binding assay. 40S and 60S ribo-
somal subunits were purified from nuclease-treated rabbit reticulocyte
lysate (Promega) as previously described (27). Briefly, ribosomes were
diluted in 5 mM Tris-HCl (pH 7.5), 50 mM KCl, 4 mM MgCl2, and 2 mM
DTT to a final concentration of 50 OD254 units/ml. Ribosomes were in-
cubated with 1 mM puromycin for 10 min on ice, followed by 10 min at
37°C. A 4 M concentration of KCl was slowly added to the ribosomes
(drop by drop) until a final concentration of 0.5 M KCl was reached. Then,
1.7 ml of extract was separated on a 35-ml 10 to 40% sucrose gradient (in
20 mM Tris-HCl [pH 7.5], 0.5 M KCl, 3 mM MgCl2, 2 mM DTT) using a
SW32 rotor at 22,000 rpm for 18 h. Next, 1-ml fractions were collected
manually, and the respective 254-nm rRNA absorbances were measured
with a NanoDrop spectrophotometer (Thermo Scientific) to identify the
fractions corresponding to 40S and 60S. Buffer was exchanged using Mi-
crocentricon-100 columns (Amicon) to obtain rRNA in a final buffer
containing 0.25 M sucrose, 10 mM KCl, 1 mM MgCl2, 1 mM DTT, and 0.1
mM EDTA. The same columns were used to concentrate rRNA according
to the manufacturer’s protocols.

In vitro binding assay of JNK to high-salt washed ribosomal subunits
was performed as previously described (28). Next, 5 pmol of purified
ribosomal subunits were applied to a nitrocellulose membrane (Bio-Rad),
and the membrane was blocked for 1 h in 5% (wt/vol) nonfat dried
skimmed milk in PBS containing 0.05% Tween 20. Portions (100 �l) of
HEK293T extracts (50 mM HEPES NaOH [pH 7.4], 100 mM NaCl, 30
mM MgCl2, 50 mM NaF, 100 mM 2-glycerophosphate, 1 mM DTT, 0.1%
Triton X-100, 0.1% Tween 20) and 5% (wt/vol) nonfat dried skimmed
milk were incubated with the membrane for 1 h at room temperature.
Unbound material was removed by washing the membrane three times (5
min each time) in PBS– 0.5% (vol/vol) Tween 20. Western blot analysis
was performed using the indicated antibodies. Since stripping of the ni-
trocellulose membrane removes the ribosomal subunits, one membrane
was used to detect JNK using anti-JNK antibody, and a separate mem-

brane was used to verify the positioning of native 40S and 60S. This latter
membrane was probed with anti-rpS6 followed by anti-rpL7 antibody. As
a consequence, the 40S subunit was still visible when detecting rpL7.

Protein sample preparation and analysis by immobilized metal af-
finity chromatography (IMAC)-liquid chromatography-(LC) tandem
mass spectrometry (MS/MS) analysis. Samples were reduced with DTT
(Sigma) alkylated with indoleacetamide (Sigma) and digested with mod-
ified sequencing-grade trypsin (Promega) according to standard proce-
dures. Peptides were desalted using peptide Microtraps (Bruker-
Michrom), dried, and subjected to automated ferric IMAC. The IMAC
column (0.3 by 150.0 mm; Bruker-Michrom, Inc., Auburn, CA) con-
tained Poros20MC beads (Applied Biosystems, Inc.). The flow rate of
solvent C (0.1% formic acid, 5% acetonitrile [ACN]) through the IMAC
column was 50.0 �l/min. All of the solvents and reagents used for auto-
IMAC were injected into a 100-�l sample loop, and then a high-pressure
liquid chromatography (HPLC) valve was switched so that the solvent C
flow drove the reagents out of the sample loop and through the IMAC
column. After injection of each reagent into the sample loop and valve
switching, the HPLC flow (50.0 �l/min, 100% solvent C) through the
IMAC column was maintained for 4.0 min before the next injection. The
first injection was 80.0 �l of 48.0 mM disodium dihydrate EDTA (EDTA;
Sigma)–5.0% ACN. The second injection was 60.0 �l of 190.0 mM FeCl3
(Sigma)/5.0% ACN. The third injection was 40.0 �l of solvent C. The
syringe was filled with 10.0 �l of H2O as pre-sample solvent to facilitate
complete sample injection into the loop, followed by filling with the entire
sample (40.0 �l in solvent C). The IMAC column effluent was collected
for 4.0 min to yield the IMAC flowthrough fraction. A total of 80 �l of
IMAC wash solvent (0.01% acetic acid in methanol-ACN-H2O [1:1:1])
was injected, and the IMAC column effluent was collected, yielding the
IMAC wash fraction. Next, 20 �l of IMAC eluant (0.32% H3PO4

[Mallinckrodt, Inc.], 5.0% ACN) was injected, and the IMAC column
effluent was collected to yield the IMAC elution fraction. IMAC fractions
were placed in a SpeedVac (Thermo Fisher Scientific) at 35°C for 15 min
to deplete the ACN.

Peptides from the IMAC flowthrough, wash and elution fractions
were subjected to duplicate reversed-phase (RP) HPLC-MS/MS analyses
using a Paradigm MS4 HPLC/HTC-PAL autosampler (Bruker Michrom)
and an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific,
Inc., San Jose, CA). The reversed-phase liquid chromatography gradient
(solvent A � 0.1% formic acid; solvent B � 100% ACN) was 2% B to 30%
B from 0 to 30.0 min, 80% B from 30.1 to 36.0 min, and 2% B from 36.1 to
46.0 min on a C18 Magic column (0.2 by 150 mm; Bruker-Michrom) at a
flow rate of 2 �l/min, coupled to an Advance ionization source (Bruker-
Michrom) The MS/MS method specified precursor ion scans in the Or-
bitrap at 60,000 resolution and data-dependent MS/MS scans of the most
abundant precursors in the linear ion trap using collision-induced disso-
ciation. Charge state screening and monoisotopic precursor selection was
enabled, dynamic exclusion was enabled for 45 s with a repeat count of 2,
multistage activation (MSA) was enabled, and the MS/MS threshold was
set at 5,000 counts.

Database searches, with Sorcerer-Sequest (SageN Research, Inc., Mil-
pitas, CA), were performed against the international protein index (IPI)
ipi.humanV3.63 database specifying a peptide mass tolerance of 10.0 ppm
and a monoisotopic fragment ion type differential modification for a
maximum of three instances per peptide for oxidation (M) and phosphor-
ylation (STY). Static modification of �57.02146 Da to Cys residues was
specified. Filtering was at a predicted false discovery rate �0.02 with Pro-
teinProphet (Trans-Proteomic Pipeline, Seattle, WA).

Statistical analysis. Unless otherwise indicated, experiments were
performed in triplicates at least three times. The data were analyzed by
analysis of variance (ANOVA), followed by post hoc comparisons using
Bonferroni’s test in cases of significance. Significance was defined as P �
0.05 and indicated as follows: *, P � 0.05; **, P � 0.001; and ***, P �
0.0001. All data are expressed as means 	 the standard errors of the mean
(SEM).
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RESULTS
RACK1 recruits JNK to the ribosome. We have previously ob-
served that overexpression of the JNK-activating kinase MKK7
results in cosedimentation of JNK with polysomes (19). Thus, we
treated HEK293T cells with PMA, which activates JNK through
MKK7 and PKC signaling (29–31), to determine whether the ac-
tivation of JNK by external stimuli will also stimulate its associa-
tion with polysomes. In untreated cells, a small fraction of JNK
cosedimented with polysomes (0.38%) (Fig. 1A), which can be
attributed to the experimental conditions required to prevent ri-

bosome “runoff” (i.e., cycloheximide is known to stimulate JNK
[32], as illustrated by a modest increase in JNK phosphorylation
after 5 min of cycloheximide treatment [Fig. 1A]). PMA treatment
increased the association of JNK with polysomes by 10-fold
(3.74%) (Fig. 1B) and induced phosphorylation of polysome-as-
sociated JNK (Fig. 1B). This effect was abolished by puromycin, a
translation elongation inhibitor that dissociates polysomes (Fig.
1C). Thus, PMA induces cosedimentation of JNK with polysomes
and not with other large RNPs.

Next, we determined whether JNK directly associates with pu-

FIG 1 PMA stimulates binding of JNK to polysomes. (A, B, and C) HEK293T cells were treated with a vehicle (0.1% dimethyl sulfoxide [DMSO]) (A), 50 nM
PMA (B), or 50 nM PMA in combination with 100 �g of puromycin/ml (C) for 30 min. The corresponding cytoplasmic extracts were sedimented by
centrifugation on 10 to 50% sucrose gradients. Polysome profiles were obtained by continuous monitoring of UV absorbance at 254 nm (see Materials and
Methods). 40S, 60S, and 80S indicate the positions of the respective ribosomal subunits and the monosome on the gradient. Distributions of JNK and
phosphorylated JNK across the gradient were monitored by Western blotting. Ribosomal protein rpS6 was used as a loading control, whereas �-actin served as
a cytoplasmic marker. (D) HEK293T cells were treated with 50 nM PMA for 30 min to activate JNK. Association of with 40S and 60S ribosomal subunits was
monitored by in vitro filter-binding assay (see Materials and Methods), followed by Western blotting with an anti-JNK antibody. rpS6 and rpL7 were used as
markers for 40S and 60S ribosomal subunit, respectively. (E) HEK293T cells treated with PMA (50 nM) or PMA in combination with puromycin (50 nM PMA
plus 100 �g of puromycin/ml) for 30 min were immunoprecipitated with an anti-JNK antibody. Immunoprecipitates were analyzed by Western blotting with the
indicated antibodies or incubated with EDTA to dissociate the 40S and 60S ribosomal subunits, upon which RNA was isolated and analyzed by ethidium bromide
(EtBr) staining. Isotype-matched IgG was used as a control. H.C., IgG heavy chains.
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rified ribosomal subunits using a filter-binding assay. JNK associ-
ated with the 40S but not 60S ribosomal subunit (Fig. 1D). Con-
sistently, in PMA-treated HEK293T cells JNK coimmunopre-
cipitated with 18S RNA and 40S ribosomal protein S6 (rpS6) but
not with the 5= mRNA cap-binding protein eIF4E. Puromycin
disrupted the binding of JNK to 18S RNA and rpS6 (Fig. 1E).
These results demonstrate that JNK interacts with the 40S ribo-
somal subunit and that this interaction preferentially occurs on
the polysomes.

Polysome-associated JNK is phosphorylated (Fig. 1B). Fur-
thermore, JNK:40S complexes were detected in PMA-treated but
not in untreated HEK293T cells, thereby suggesting that the acti-
vation of JNK is required for its ribosomal association (Fig. 1D).
Because JNK2 is preferentially associated with polysomes of PMA
treated cells (Fig. 1B) we further investigated the impact of JNK2
activation on its interaction with ribosomes by expressing wild-
type (WT) JNK2 and an inactive form of JNK2, mutated on its
phosphoacceptor sites (JNK2T183A/Y185F [9, 33]). A filter binding
assay revealed that WT JNK2, but not JNK2T183A/Y185F mutant,
associates with 40S (Fig. 2A). In addition, a substantial amount of
exogenous WT JNK2 cosedimented with the polysomes in PMA
treated HEK293T cells (13.1%) (Fig. 2B), whereas this was not the
case for JNK2T183A/Y185F (0.5%) (Fig. 2C). Taken together, these
findings indicate that activation of JNK stimulates its interaction
with ribosomes.

JNK directly interacts with RACK1 (29), which augments

canonical activation of JNK by MKK4/7 via PKC phosphorylation
(31). In addition to its role as cytosolic adaptor protein for a num-
ber of protein kinases, RACK1 is a structural component of the
40S ribosome (34, 35). In PMA-treated cells JNK mainly associ-
ates with light polysomes (Fig. 1B). This resembles the pattern of
polysome distribution observed for PKC�II, which is recruited to
the ribosome via RACK1 (28). Thus, we reasoned that RACK1
recruits JNK to the 40S ribosome. Similarly to 18S RNA and
rpS6, RACK1 coimmunoprecipitates with JNK in PMA-treated
HEK293T cells (Fig. 1E). However, in contrast to 18S RNA or
rpS6, disruption of polysomes by puromycin did not abrogate the
association of JNK with RACK1 (Fig. 1E), which is consistent with
the notion that JNK/RACK1 complexes reside in other cellular
locations (i.e., cytosol [29]), in addition to their presence on the
polysomes. Therefore, to directly investigate whether RACK1
recruits JNK to the ribosome, we took advantage of the
RACK1R38D/K40E mutant that does not bind the 40S ribosome (34,
36). Although WT RACK1 and RACK1R38D/K40E mutant were ex-
pressed in HEK293T cells at comparable levels (Fig. 3A) and ex-
hibited similar binding to JNK (Fig. 3B), JNK associated with the
polysomes in PMA treated cells expressing WT RACK1 but not
the RACK1R38D/K40E mutant (Fig. 3C and D). Taken together,
these data reveal that RACK1 recruits JNK to the ribosome.

A ribosome-bound RACK1/JNK2 complex promotes stress-
induced degradation of NSPs. We next investigated the func-
tional significance of RACK1-mediated recruitment of JNK to the

FIG 2 JNK activity is required for its association with the ribosome. (A) HEK293T cells were transfected with FLAG-JNK2 or FLAG-JNK2T183A/Y185F and treated
with a vehicle (0.1% DMSO) or PMA (50 nM), and the binding of respective proteins to the 40S and 60S ribosomal subunits was determined by in vitro
filter-binding assay, followed by Western blotting with an anti-FLAG antibody. rpS6 was used as marker for 40S ribosomal subunit. (B and C) HEK293T cells
were transfected with WT FLAG-JNK2 (FLAG-JNK2) or FLAG-JNK2T183A/Y185F and treated with 50 nM PMA for 30 min. The corresponding cytoplasmic
extracts were sedimented by centrifugation on 10 to 50% sucrose gradients. 40S, 60S, and 80S indicate the positions of the respective ribosomal subunits and the
monosome on the gradient. Distributions of WT FLAG-JNK2 (FLAG-JNK2) or FLAG-JNK2T183A/Y185F across the gradient were monitored by Western blotting
with an anti-FLAG antibody. The percentages of JNK in polysomal fractions relative to the input (quantified as described in Materials and Methods) are indicated
below the blots. Ribosomal protein S6 (rpS6) was used as a loading control.
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ribosome. We first expressed RNAi-insensitive WT RACK1 or
RACK1R38D/K40E mutant in HEK293T cells and then depleted en-
dogenous RACK1 using RNAi (Fig. 4A). Cells were treated with
PMA, and the degradation of NSPs was monitored by a short
pulse-labeling (10 min) with [35S]Cys-Met and chase in cold me-
dia. The stability of 35S-labeled polypeptides was increased �20%
after 180 min (P � 0.001) in cells expressing the RACK1R38D/K40E

mutant compared to those expressing WT RACK1 (Fig. 4B),
whereas a comparable amount of 35S was incorporated into pro-
teins in both cell lines (Fig. 4C). These results indicate that ribo-
some binding of RACK1 has a major effect on the degradation of
NSPs but not on global protein synthesis.

Ubiquitin-dependent proteolysis is the major route of protein
degradation and has been associated with the cotranslational deg-
radation of NSPs (16). Treatment with the proteasome inhibitor
MG132 inhibited the degradation of NSPs in PMA-treated
HEK293T cells (�20%, P � 0.05, a decrease compared to the
control after 120 min), which demonstrates that they are degraded
by the proteasome (Fig. 4D). Thus, we sought to determine
whether ribosomal association of RACK1 is required for the ubiq-
uitination of NSPs by transfecting HEK293T cells with His-tagged
ubiquitin, treating them with PMA and performing His-pulldown
assays of 35S-labeled proteins. NSPs were ubiquitinated in control
cells and in cells expressing WT RACK1 (Fig. 4E). In stark con-

trast, ubiquitination of 35S-labeled proteins was diminished in
cells expressing the RACK1R38D/K40E mutant (Fig. 4E). These re-
sults indicate that the ubiquitination of NSPs following PMA
treatment requires the association of RACK1 with the ribosome.

To further establish the role of RACK1 in linking ribosome and
proteasome function, we monitored the association between
RACK1 and the proteasome subunit Rpn2 in the polysomal frac-
tions of PMA-treated HEK293T cells. RACK1 and Rpn2 were
coimmunoprecipitated from the polysomal fractions in PMA-
treated cells, and this interaction required integrity of polysomes,
as demonstrated by its sensitivity to puromycin (Fig. 4F and G).
Consistent with these findings, a previous study raised the possi-
bility that RACK1 provides a link between the translational ma-
chinery and the proteasome (16). Collectively, these data indicate
that ribosomal association of RACK1 is required for proteasome-
dependent degradation of NSPs.

Since JNK is recruited to ribosomes through RACK1, we next
determined the role of JNK in the degradation of NSPs by specif-
ically knocking down JNK2 (Fig. 5A). Depletion of JNK2 only
marginally affected JNK1 activity (Fig. 5B and C). Similar to ex-
pression of RACK1R38D/K40E mutant, JNK2 depletion in HEK293T
cells substantially attenuated the PMA-induced degradation of
[35S]-labeled polypeptides (�20%, P � 0.01, decrease compared
to control after 180 min), which was restored by the expression of

FIG 3 RACK1 recruits JNK to the ribosome. (A) 30 �g of the corresponding cell lysates was loaded onto SDS-PAGE gels, and the expression of endogenous
RACK1 and exogenous Myc-RACK1 and Myc-RACK1R38D/K40E [Myc-RACK1(DE)] mutant in HEK293T cells was monitored by Western blotting with the
indicated antibodies. Exogenous Myc-RACK1 variants are indicated by an arrow. �-Actin served as a loading control. (B) Portions (1 �g) of total cell extracts
from the cells described in panel A were immunoprecipitated with an anti-Myc antibody (IP Myc), and the amount of JNK associated with Myc-RACK1 and
Myc-RACK1R38D/K40E was determined by Western blotting. Inputs (10%) are shown in the left panel. (C and D) Polysome profiles of HEK23T cells transfected
with Myc-RACK1 (C) or Myc-RACK1R38D/K40E (D) and treated with 50 nM PMA for 30 min. Then, 10 OD260 units of the corresponding cytoplasmic extracts
were sedimented by centrifugation on 10 to 50% sucrose gradients, and the distribution of the indicated proteins across the gradient was monitored by Western
blotting. rpS6 was used as a loading control.
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siRNA-insensitive WT JNK2 (Fig. 6A and B). Of note, JNK status
in the cell did not exert a major effect on overall protein synthesis
(Fig. 5D to 5F), which is consistent with the tenet that selective
functions are mediated by distinct subcellular pools of JNK (18).

Moreover, pharmacological inhibition of JNK (JNK-Inhibitor
VII, TAT-TI-JIP153-163) attenuated degradation of NSPs in PMA-
treated HEK293T cells (17%, P � 0.05, after 180 min) (Fig. 6C and
D). Time-course experiments revealed that overexpression of WT

FIG 4 Association of RACK1 with ribosomes is required for ubiquitination and degradation of NSPs. (A) HEK293T cells were transfected with RNAi-insensitive
Myc-RACK1 or Myc-RACK1R38D/K40E [Myc-RACK1(DE)], upon which the endogenous RACK1 was depleted using RACK1-specific siRNA (siRACK1). Scram-
bled siRNA was used as a control. The expression of the indicated constructs and the efficiency of RACK1 depletion were monitored by Western blotting. A total
of 30 �g of the indicated cell lysate were loaded onto SDS-PAGE gels. �-Actin was used as a loading control. (B) The cells described in panel A were treated with
50 nM PMA for 30 min, and the stability of the NSPs was monitored by 35S pulse-chase (see Materials and Methods) after 1 and 3 h. Values obtained upon transfer
of cells to cold media (0-h time point) were set to 100%, and data are represented as a mean values 	 the SEM (n � 3). The expression of Myc-RACK1R38D/K40E

significantly increased the stability of 35S-labeled polypeptides (P � 0.0006 compared to control cells at the 180-min time point; ANOVA, F3,8 � 62.62, P �
0.0001). (C) In contrast to the degradation of NSPs, protein synthesis was largely unaffected, as demonstrated by the lack of differences in the 35S incorporation
after 30 min of labeling with [35S]Met-Cys. The data are represented as mean values 	 the SEM (n � 3). (D) HEK293T cells were treated with PMA (50 nM) or
PMA in combination with the proteasome inhibitor (50 nM PMA plus 50 �M MG132) for 2 h, and NSP degradation was monitored at 30-min, 60-min, and 2-h
time points. Inhibition of the proteasome significantly attenuated the degradation of NSPs compared to untreated cells (Student t test, P � 0.0008 after 120 min).
Values are represented as means 	 the SEM (n � 3). (E) Cells described in panel A were transfected with His-ubiquitin, treated as in panel B, pulse-labeled with
[35S]Met-Cys for 30 min, and subjected to His-ubiquitin pulldown under denaturing conditions (see Materials and Methods). The levels of ubiquitinated
35S-labeled NSPs were monitored by 35S autoradiography. (F) Cells expressing Myc-RACK1 WT (Myc-RACK1) were treated with 50 nM PMA for 30 min and
fractionated into cytosolic and polysomal fractions. Portions (30 �g) of protein extracts from each fraction were used to monitor the distribution of the indicated
proteins by Western blotting. rpS6 and �-actin served as markers for polysomal and cytoplasmic fraction, respectively. (G) Cells expressing Myc-RACK1 WT
(Myc-RACK1) and control cells transfected with an empty vector were treated with a vehicle (0.1% DMSO), 50 nM PMA, or 50 nM PMA in combination with
100 �g of puromycin/ml for 30 min, fractionated as in panel F, and polysomal fractions were immunoprecipitated with an anti-Myc antibody. Immunopre-
cipitates and input (10%) were analyzed by Western blotting with the indicated antibodies.
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JNK2 in HEK293T cells increases PMA-induced degradation of
NSPs compared to control cells (Fig. 6E and F). In contrast,
increased stability of NSPs was observed in HEK293T cells ex-
pressing JNK2T183A/Y185F (37, 38) compared to control cells
(�20%, P � 0.01, after 180 min) (Fig. 6E and F). Importantly,
JNK2T183A/Y185F effectively inhibits JNK (�50% to �90% at 10-
and 20-min time points, respectively) after UV irradiation (Fig.
5G and H) (37, 38). Collectively, these data demonstrate that
JNK2 activity is required for degradation of NSPs but not global
protein synthesis.

We next investigated whether other types of stress known to
activate JNK, such as UV irradiation (38), would also reduce the
stability of NSPs in a JNK-dependent manner. Since exposure to
UV irradiation inhibits protein synthesis (39), UV treatment was
performed immediately after 35S labeling. Under these conditions,
we observed reduction in protein degradation in HEK293T cells
overexpressing JNK2T183A/Y185F mutant compared to WT JNK2

(12% 	 2.5% after 90 min, P � 0.0086) (Fig. 6G and H). These
findings reveal that JNK mediates stress-induced degradation of
NSPs.

eEF1A2 is a JNK substrate that associates with—and regu-
lates the stability of—NSPs. To identify the substrates of ribo-
some-associated JNK, which play a role in the degradation of
NSPs, we expressed FLAG-tagged WT JNK2 in HEK293T cells,
which were then treated with PMA to activate JNK and induce its
association with polysomes. Polysome fractions were immuno-
precipitated with FLAG-antibody (Fig. 7A and B) and subjected
to mass spectrometry analysis (see Table S1 in the supplemen-
tal material). A series of immunoprecipitation experiments
confirmed that endogenous JNK associates with RACK1,
Hsp70, and eEF1A, after PMA stimulation or UV irradiation
(Fig. 7C). This repertoire of interacting partners of ribosome-
associated JNK (e.g., RACK1 and ribosomal proteins rpS3 and
rpS16 which associate with RACK1 [40], chaperones [e.g.,

FIG 5 JNK2 is not required for global translation. (A, B, and C) Levels of endogenous JNK1 and JNK2 expression (A) and activity (B) were monitored by Western
blotting in control cells (Scrambled) and cells depleted of endogenous shJNK2 by shRNA (shJNK). Densitometric values are appended to the respective bands.
(C) The densitometric values indicated in panel B were normalized to �-actin and are expressed as a percentage of the control (Scrambled). shJNK reduced JNK2
activity by 60%, while only a slight reduction of JNK1 was detected. (D, E, and F) Equal 35S incorporation at the 0-h time point shows that there was no major
effect on protein synthesis in the indicated cell lines. Values are represented as mean values 	 the SEM (n � 3). (G) HEK293T cells were transfected with
FLAG-JNK2 WT or FLAG-JNK2T183A/Y185F, irradiated with UV, and JNK phosphorylation was monitored by Western blotting at the indicated time points.
Portions (30 �g) of the corresponding protein extracts were loaded onto SDS-PAGE gels. �-Actin served as a loading control. Densitometric values correspond-
ing to phosphorylation of endogenous JNKs in cells transfected with empty vector or FLAG-JNK2T183A/Y185F are indicated below the respective lanes and are
summarized in panel H. JNK phosphorylation was reduced by 50 and 90% after 10 and 20 min, respectively.
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FIG 6 Kinase activity of JNK is required for degradation of NSPs. (A) The stability of NSPs in PMA-treated HEK293T cells was monitored by a [35S]Met-Cys
pulse-chase at the 1- and 3-h time points. Values obtained upon transfer of cells to cold media (0 h time point) were set to 100%, and the data are represented as
means 	 the SEM (n � 3). Depletion of JNK (shJNK) significantly increased stability of 35S-labeled polypeptides compared to Scrambled control and cells in
which expression of JNK was rescued with WT JNK2 (shJNK � FLAG-JNK2; P � 0.0101 compared to the Scrambled control; ANOVA, F2,7 � 20.77, P � 0.0038).
(B) Portions (30 �g) of the indicated cell lysates were loaded onto SDS-PAGE gels, and the expression of exogenous WT JNK2 (FLAG-JNK2) and endogenous
JNK was monitored by Western blotting with the indicated antibodies. �-Actin served as a loading control. (C) HEK293T cells were treated for 3 h with 50 nM
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Hsp70], and factors involved in ubiquitin/proteasome-depen-
dent proteolysis) further supports a role for JNK in the regula-
tion of the stability of NSPs.

Whereas yeast has a single eEF1A isoform, mammals ex-
press two eEF1A isoforms: eEF1A1 and eEF1A2 (41). eEF1A2
contains a JNK-like docking motif and two putative MAPK
phosphorylation sites (Ser205 and Ser358). Strikingly, these
serine/proline residues are absent in eEF1A1 (Fig. 8A). JNK
coimmunoprecipitates with eEF1A2, but not with eEF1A1, in
UV-irradiated or PMA-treated HEK293T cells (Fig. 7C). More-
over, JNK2 phosphorylates eEF1A2 but not eEF1A1 in vitro
(Fig. 8B). JNK2-dependent phosphorylation is attenuated in
eEF1A2 mutants in which Ser205 and Ser358 are replaced by
alanines (eEF1A2S205A or eEF1A2S358A) and is strongly de-
creased in the double Ser205Ala/Ser358Ala (eEF1A2S205A/S358A)
mutant (Fig. 8B). To confirm eEF1A2 phosphorylation by JNK in
cells, we performed MS analysis, as well as generated antibodies
against a phosphopeptide harboring the S358 phosphoacceptor

site (p-eEF1A2). MS/MS analysis of polysome fractions identified
S205 and S358 phosphorylated peptides (Fig. 8C-I). Phosphory-
lation of these peptides was also found in phosphoproteome anal-
ysis of embryonic stem cells (I. Singec et al., unpublished data).
Notably, the newly developed p-eEF1A2 antibody detected
phosphorylated eEF1A2 prior to but not following phosphatase
treatment (Fig. 8C-II). The p-eEF1A2 antibodies also detected
exogenously expressed FLAG-eEF1A2 after UV irradiation (Fig.
8C-III). Depletion of endogenous eEF1A2 by shRNA reduced the
p-eEF1A2 signal (Fig. 8C-IV), thus indicating that p-eEF1A2 an-
tibody is specific. p-eEF1A2 antibody was next used to determine the
phosphorylation of polysome-associated endogenous eEF1A2. Strik-
ingly, polysome-associated eEF1A2 was phosphorylated in UV-irra-
diated but not in untreated HEK293T cells (Fig. 8C-V). Taken to-
gether, these data show that JNK2 specifically phosphorylates eEF1A2
on residues Ser205 and Ser358 and that polysome-associated eEF1A2
is phosphorylated at these sites in vivo.

Next, we established the functional role for JNK-mediated

PMA alone or in combination with 10 �M JNK-Inhibitor VII (TAT-TI-JIP153-163; JNKVII), and the degradation of NSPs was monitored after the 90-min and
3-h time points. The degradation of NSPs was significantly suppressed by JNK-Inhibitor VII (PMA plus JNK VII) compared to the control (PMA) (Student t test:
P � 0.0063 [at 90 min] and P � 0.05 [at 180 min]). Values are represented as means 	 the SEM (n � 3). (D) JNK-Inhibitor VII suppressed JNK activity, as
monitored by the phosphorylation of c-Jun on Ser63 by Western blotting. Portions (40 �g) of the indicated cell lysates were loaded onto SDS-PAGE gels. �-Actin
served as a loading control. (E and H) Degradation of NSPs was monitored by a [35S]Met-Cys pulse-chase in HEK293T cells transfected with FLAG-JNK2 and
FLAG-JNK2T183A/Y185F and treated with 50 nM PMA for the indicated time points (E) or exposed to UV light for 90 s (see Materials and Methods) (G). Cells
expressing FLAG-JNK2T183A/Y185F exhibited a significant increase in the stability of 35S-labeled polypeptides under both conditions compared to cells expressing
FLAG-JNK2 (�PMA [E], P � 0.0114 for FLAG-JNK2T183A/Y185F compared to FLAG-JNK2 [180 min], ANOVA, F2,3 � 60.98, P � 0.0037; �UV [G], P � 0.0086,
FLAG-JNK2T183A/Y185F compared to FLAG-JNK2 [90 min], ANOVA, F2,15 � 9.35, P � 0.0023). (F and H) Portions (30 �g) of the indicated cell lysates were
loaded onto SDS-PAGE gels, and the levels of FLAG-JNK2 and FLAG-JNK2T183A/Y185F and the phosphorylation of JNK in PMA (F)- or UV (I)-treated cells were
monitored by Western blotting. �-Actin served as a loading control.

FIG 7 Polysome-associated JNK2 forms complexes containing translation initiation and elongation factors, chaperones, and components of the proteasome.
(A) Polysomal profiles were obtained using �50 million PMA-treated HEK293T cells transfected with empty vector or FLAG-JNK2. Monosomal (M) and
polysomal (P) fractions were pulled together, followed by immunoprecipitation with an anti-FLAG antibody. (B) 1/10th of the immunoprecipitated material was
subjected to Western blotting, and the remaining material was analyzed by mass spectrometry as described in Materials and Methods. (C) HEK293T cells were
treated with 50 nM PMA or UV (see Materials and Methods) and immunoprecipitated with an anti-JNK antibody. Isotype-matched IgG was used as a control.
Immunoprecipitates were analyzed by Western blotting with the indicated antibodies. Inputs (10%) are shown in the left panel. H.C., IgG heavy chains.
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FIG 8 JNK phosphorylates eEF1A2 at serines 205 and 358 to stimulate the degradation of NSPs (A) Pairwise alignment of regions of human eEF1A isoforms 2
(A2) and 1 (A1) surrounding the putative JNK phosphoacceptor sites (shown in red). (B) In vitro JNK kinase assay. The left panel shows the loading control
(Coomassie blue staining) of in vitro phosphorylation assay performed with recombinant bacterially purified active JNK2
2 (30 ng) and glutathione S-trans-
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phosphorylation of eEF1A2. eEF1A2S205A or eEF1A2S358A mutant
decreased the degradation of 35S-labeled polypeptides compared
to WT eEF1A2, and this effect was more pronounced in cells ex-
pressing the double eEF1A2S205A/S358A mutant (29.5% 	 5.87%,

P � 0.0052 reduction compared to WT eEF1A2 after 180 min)
(Fig. 8D and E). We further examined the effects of PMA (Fig. 8F
and G) or UV (Fig. 8H and I) on NSP degradation in HEK293T
cells overexpressing WT eEF1A2 or nonphosphorylatable

ferase (GST)– eEF1A1 or GST-EF1A2 (1 �g each) in the presence of [�-32P]ATP. In the middle panel, a 32P-autoradiogram shows that JNK2 preferentially
phosphorylates eEF1A2. The right panel shows the results of an in vitro phosphorylation assay using JNK2 and wild-type GST-eEF1A2 or GST-eEF1A2 with
alanine substitutions at Ser205 and Ser358 S(205,358)A, Ser205 (S205A), or Ser358 (S358A). After in vitro kinase reactions, eEF1A2 phosphorylation was
visualized and quantified using phosphorimager (Fujifilm FLA-5100). Coomassie blue staining was performed to verify accurately equal amounts of all
recombinant proteins. (C) Detection of eEF1A2 phosphorylation in cells. (i) Schematic diagram of phosphorylation sites identified on eEF1A2 by tandem mass
spectrometry (MS/MS). Phosphorylation sites (S205, Y254, T261, S354, Y357 or S358, and T365) are indicated by asterisk. Sites mutated in the present study
(S205, S358) are indicated by “M.” The three domains in eEF1A2 are indicated in the bars with the darker colors, and protein superfamilies to which these
domains belong are indicated in the lighter-colored bars below. Phosphorylation site identification was made on each of the three domains, with two clusters of
two or three adjacent sites. (II) Protein extracts prepared from hippocampus were subjected to mock (control) or treatment with protein phosphatases
(phosphatase) following immunoblot analysis with antibodies to p-eEF1A2. (III) 293T cells were transfected with empty vector (EV) or FLAG-eEF1A2 and
proteins were analyzed by Western blotting (lysates; upper panel) or after their immunoprecipitation with FLAG antibodies following immunoblotting with
antibodies to eEF1A2 (middle panel) or with antibodies raised against the S358 phosphopeptide (p-eEF1A2) (lower panel). (IV) 293T cells were subjected to
control KD (EV-NS) or KD with sh-eEF1A2. Proteins were analyzed by IB with p-eEF1A2 (upper panel) or total eEF1A2 antibodies (middle panel) or control
loading tubulin (lower panel). (V) UV stimulates recruitment of phosphorylated eEF1A2 to polysomes. HEK293T cells were left untreated or UV irradiated for
1 min and harvested after 30 min. A total of 10 OD260 units of the corresponding cytoplasmic extracts were sedimented by centrifugation on 10 to 50% sucrose
gradients. Polysome profiles were obtained by continuous monitoring of UV absorbance at 254 nm. 40S, 60S, and 80S indicate the positioning of respective
ribosomal subunits and monosome on the gradient. The distribution of phosphorylated eEF1A2 was monitored across the gradient using a p-eEF1A2 and is
detected on polysomes upon UV irradiation. Ribosomal protein rpS6 and total eEF1A2 were used as loading control. (D and E) HEK293T cells were transfected
with an empty vector, FLAG-eEF1A2 (eEF1A2), FLAG-eEF1A2S205A (S205A), FLAG-eEF1A2S358A (S358A), or FLAG-eEF1A2S205A/S358A [S(205,358)A] and
treated with 50 nM PMA for the indicated time points. The stability of NSPs was monitored by a [35S]Met-Cys pulse-chase. The effects of a double mutant
[S(205,358)A] on degradation of NSPs were significantly lower than those observed for single mutants (S205A and S358A) or WT eEF1A2 (ANOVA, F4,29 �
4.802, P � 0.0052). The data are represented as mean values 	 the SEM (n � 3). (F, G, H, and I) HEK293T cells transfected with an empty vector, FLAG-eEF1A2
(eEF1A2), FLAG-eEF1A2S205A/S358A [S(205,358)A], or FLAG-eEF1A2S205D/S358D [S(205,358)D] mutant were treated with PMA for the indicated time points (F
and G) or exposed to UV for 90 s (see Materials and Methods) (H and I). Stability of NSPs was monitored by a [35S]Met-Cys pulse-chase at the indicated time
points (�PMA [F], 30, 90, and 180 min; �UV [H], 30 and 90 min). The data are represented as mean values 	 the SEM (n � 3). The stability of 35S-labeled
polypeptides was significantly decreased in cells expressing S(205,358)D mutant compared to control cells and cells expressing S(205,358)A mutant [�PMA, (F),
P � 0.0032, S(205,358)A compared to FLAG-S(205,358)D (180 min), ANOVA, F3,15 � 55.67, P � 0.0001; �UV (H), P � 0.050, S(205,358)A compared to
vector (90 min), ANOVA, F3,32 � 4.56, P � 0.0090]. (G and I) Protein extracts (30 �g) were loaded onto SDS-PAGE gels, and the levels of FLAG-eEF1A2
variants and JNK phosphorylation (I) were monitored by Western blotting. �-Actin served as a loading control.

FIG 9 eEF1A2 depletion stabilizes NSPs. (A and B) HEK293T cells were infected with Scrambled or EEF1A2-specific shRNA. Isoform-specific depletion of
eEF1A2 but not eEF1A1 was verified by quantitative reverse transcription-PCR (A) and Western blotting (B), wherein 15 �g of protein extracts was loaded on
SDS-PAGE gels. �-Actin served as a loading control. (C) The stability of the NSPs in the cells described in panels A and B and treated with 50 nM PMA for the
indicated time points was monitored by a [35S]Met-Cys pulse-chase. Values obtained upon transfer of cells to cold medium (0-h time point) were set to 100%,
and the data are represented as means 	 the SEM (n � 3). Depletion of eEF1A2 significantly increased stability of 35S-labeled polypeptides compared to the
Scrambled control (P � 0.045 and P � 0.0419 after 90 and 180 min, respectively). (D) Expression of eEF1A2 in cells in which endogenous eEF1A2 was depleted
by RNAi was rescued with shRNA-insensitive FLAG-eEF1A2 (shEEF1A2 � eEF1A2) or eEF1A2S205A/S358A [shEEF1A2 � S(205,358)A]. Protein extracts (30 �g)
were loaded on SDS-PAGE. The levels of FLAG-eEF1A2 and FLAG-eEF1A2S205A/S358A were monitored by Western blotting with an anti-FLAG antibody. �-Actin
served as a loading control. (E) The stability of NSPs in cells described in panel D was monitored was monitored by a [35S]Met-Cys pulse-chase. Whereas
reexpression of WT FLAG-eEF1A2 (shEEF1A2 � eEF1A2) resulted in the degradation of NSPs comparable to control cells (shEEF1A2 � vector), this effect was
absent in the cells expressing eEF1A2S205A/S358A [shEEF1A2 � S(205,358)A] (P � 0.02 shEEF1A2 compared to shEEF1A2 � eEF1A2 [90 and 180 min], ANOVA,
F1,4 � 7.896, P � 0.0483).
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FIG 10 eEF1A2 phosphorylation stimulates its association with polysomes and NSPs, but it is dispensable for translation elongation. (A to C) Cells were
transfected with FLAG-eEF1A2 (eEF1A2) (A), FLAG-eEF1A2S205A/S358A [S(205,358)A] (B), or FLAG-eEF1A2S205D/S358D [S(205,358)D] mutant (C) and treated
with 50 nM PMA for 30 min. Representative distributions of corresponding proteins were monitored in prepolysomal and polysomal fractions by Western
blotting. Ribosomal protein S6 (rpS6) served as a loading control. Bar graphs representing the average densitometric eEF1A2, FLAG-eEF1A2S205A/S358A

[S(205,358)A], and FLAG-eEF1A2S205D/S358D [S(205,358)D]/rpS6 densitometric ratios from each fraction are shown below the blots. The distribution of
corresponding proteins in 40S, 60S, and 80S and polysomal fractions relative to rpS6 are summarized in panel D (quantification was performed as described in
Materials and Methods). (E) In addition, the distribution of eEF1A2, FLAG-eEF1A2S205A/S358A [S(205,358)A], and FLAG-eEF1A2S205D/S358D [S(205,358)D] was
also normalized to the amount of eEF1A2 in the input (n � 2). (F) Polysomal profiles obtained in the absence of cycloheximide from HEK293T cells treated as
for panel C and overexpressing WT FLAG-eEF1A2 (eEF1A2), FLAG-eEF1A2S205A/S358A [S(205,358)A] mutant, or FLAG-eEF1A2S205D/S358D [S(205,358)D]
mutant. A total of 10 OD260 units of corresponding cytoplasmic extracts were sedimented by centrifugation on 10 to 50% sucrose gradients. Polysome/
monosome ratios are indicated. (G) HEK293T cells were transfected as for panels A to C, and polysomal fractions were isolated after 15 min of labeling with
[35S]Met-Cys with or without DTSSP (see Materials and Methods). A total of 15 OD260 units of the corresponding cytoplasmic extracts were sedimented by
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eEF1A2S205A/S358A or phosphomimetic eEF1A2S205D/S358D mutant.
In these experiments, the eEF1A2S205D/S358D mutant increased the
degradation of NSPs relative to WT eEF1A2 (PMA after 180 min,
7% 	 1.75%, P � 0.049; UV after 90 min, 6.7% 	 3.4%, P �
0.0023), whereas eEF1A2S205A/S358A increased their stability (PMA
after 180 min, 14.8% 	 1.88%, P � 0.0051; UV after 90 min,
11.6% 	 3.78%, P � 0.0029). The more pronounced induction of
NSP degradation exerted by eEF1A2S205D/S358D mutant, relative to
WT eEF1A2, can be explained by constitutive activation of
eEF1A2S205D/S358D mutant compared to the transient stimulation
of WT eEF1A2 upon PMA or UV treatment (Fig. 8F to I). Of
interest, eEF1A2S205D/S358D mutant reduced JNK phosphoryla-
tion, although expressed at a lower level than the WT and the
eEF1A2S205A/S358A mutant (Fig. 8I), suggesting the possibility of a
negative-feedback loop between phsopho-eEF1A2 and JNK (see
Discussion).

To further establish the role of eEF1A2 in mediating the effects
of JNK on the stability of NSPs, we generated eEF1A2-specific
shRNA, which was used to selectively deplete eEF1A2 but not
eEF1A1 (Fig. 9A and B). Depletion of eEF1A2 strongly attenuated
PMA-induced degradation of NSPs in HEK293T cells (�30%,
P � 0.04, compared to a control after 180 min) (Fig. 9C). We next
reexpressed shRNA-resistant WT eEF1A2 or eEF1A2S205A/S358a

mutant in HEK293T cells, wherein endogenous eEF1A2 was de-
pleted (Fig. 9D). Reexpression of WT eEF1A2 but not
eEF1A2S205A/S358A mutant stimulated the degradation of NSPs
upon PMA treatment (�30%, P � 0.02 after 180 min), whereby
the kinetics of NSP degradation were comparable to that observed
in control cells (Fig. 9E). These data demonstrate that JNK-medi-
ated phosphorylation of eEF1A2 is required for NSP degradation.

Since polysome integrity is required for association of JNK
with 40S ribosome (Fig. 1C and E), we investigated the distribu-
tion of eEF1A2 on the polysomes as a function of its phosphory-
lation status. Compared to WT eEF1A2, eEF1A2S205A/S358A cosedi-
mented with polysomes to a lesser extent (14.5% 	 3.9%
compared to 6.1% 	 3.9%) (Fig. 10A, B, D, and E). Conversely,
the phosphomimetic eEF1A2S205D/S358D mutant was more abun-
dant in polysomal fractions than WT eEF1A2 (31% 	 8% com-
pared to 14.5% 	 3.9%) (Fig. 10A, C, D and E). These findings
indicate that JNK-mediated phosphorylation of eEF1A2 increases
its association with polysomes. Since eEF1A recruits the amino-
acylated-tRNA during elongation of polypeptide chains and its
association with the polysomes appears to be modulated by phos-
phorylation, we sought to determine whether JNK affects the
elongation step of mRNA translation. To this end, ribosomal pro-
filing was carried out in the absence of cycloheximide to allow
ribosomal runoff. Defects in translation elongation lead to decel-
erated ribosome runoff and subsequent retention of polysomes,
which results in an increased polysome/monosome ratio (42). No
significant differences in the polysome/monosome ratios were ob-
served in cells overexpressing WT eEF1A2 (polysome/monosome
ratio � 3.2), eEF1A2S205A/S358A mutant (polysome/monosome ra-
tio � 3.3), or eEF1A2S205D/S358D mutant (polysome/monosome

ratio � 3.1) (Fig. 10F). These findings demonstrate that phos-
phorylation of eEF1A2 by JNK does not impact translation elon-
gation.

Although earlier studies have shown that eEF1A binds nascent
polypeptides in vitro (9), the identity of the eEF1A isoform in-
volved remains unknown. NSPs are rapidly released to the cy-
tosol upon completion of their synthesis (43). Therefore, to
capture the interaction between eEF1A2 and newly synthesized
polypeptides, we labeled HEK293T cells with [35S]Met-Cys and
determined whether eEF1A2 can be cross-linked with 35S-la-
beled proteins in the polysomal fractions. We used a reversible
cross-linker DTSSP (see Materials and Methods), which pre-
serves the binding of ribosome-associated proteins with NSPs
(44). Since polysomal fractions are enriched in NSPs and
largely devoid of cellular proteins other than ribosomal pro-
teins (45), this approach allowed us to directly estimate the
amount of NSPs associated with eEF1A2. Consistent with its
distribution on the polysomes (Fig. 10A to E), the amount of
35S-labeled eEF1A2S205D/S358D mutant that was pulled down from
the polysomal fractions was higher than that observed for WT
eEF1A2, whereas the amount of eEF1A2S205A/S358A mutant was the
lowest (Fig. 10G). To avoid potential misinterpretation of the re-
sults and to account for the differences in the polysomal distribu-
tion of WT eEF1A2, eEF1A2S205D/S358D, and eEF1A2S205A/S358A

mutant we carried out two independent quantification ap-
proaches (see Materials and Methods): densitometric analysis
(Fig. 10H) and scintillation counting (Fig. 10I). Both quantifica-
tion methods indicated that the highest amount of NSPs is cross-
linked with eEF1A2S205D/S358D mutant, intermediate with WT
eEF1A2, and the lowest with eEF1A2S205A/S358A mutant (Fig. 10G
to I). Consistent with the rapid release of NSPs from the poly-
somes (43), no detectable amounts of NSPs were observed in the
absence of DTSSP (Fig. 10G). These results indicate that eEF1A2
associates with NSPs on the polysomes, whereby JNK-mediated
phosphorylation of eEF1A2 increases this association. The latter is
consistent with the observation that the relative enrichment of
eEF1A2 on the polysomes is influenced via its phosphorylation by
JNK (Fig. 10A to E and G).

DISCUSSION

As a central component of the cellular stress response, JNK phos-
phorylates substrates implicated in ROS production, prolifera-
tion, survival, or death pathways (46). The present study reveals a
previously unrecognized role of JNK in the control of NSP stabil-
ity, thereby constituting an important stress-induced quality con-
trol of NSPs. We have previously shown that JNK and RACK1
form complexes in the cytosol (29). Here, we demonstrate that
JNK is recruited to polysomes via RACK1. In nonstressed cells, a
minor fraction of phosphorylated JNK is associated with poly-
somes, and yet the binding of JNK to polysomes increased sub-
stantially following stress. The basal pool (minor albeit notice-
able) of polysome-bound JNK may be due to the experimental
conditions used in our studies (whereby JNK is partially activated

centrifugation on 10 to 50% sucrose gradients, and polysomal fractions were immunoprecipitated using an anti-FLAG antibody. Immunoprecipitates were
analyzed by autoradiography (G and H) or liquid scintillation counting (I). (H) Densitometric analysis of the autoradiogram in panel G. Ratios between
35S-labeled proteins and [35S]eEF1A2 levels (arbitrary units) are shown. 35S-labeled proteins (35S) refer to the radioactive signal within each lane, excluding the
discrete band of eEF1A2 variants (arrow; for details see Materials and Methods). OD, optical density. (I) Radioactivity of immunoprecipitated material
normalized to the OD values obtained for 35S-labeled FLAG-eEF1A2 WT (eEF1A2), 35S-labeled FLAG-eEF1A2S205A/S358A [S(205,358)A], and 35S-labeled
FLAG-eEF1A2S205D/S358D [S(205,358)D] (discrete bands are depicted in panel G).
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by short cycloheximide treatment, which is used to avoid ribo-
some “runoff”). Alternatively, it is plausible that the small pool of
polysome-bound JNK prior to stress represents the basal level of
JNK, which contributes to the regulation of NSPs under such con-
ditions. The availability of such a small pool may secure rapid
activation of JNK on polysomes to enable timely control of NSP
stability. The latter is consistent with the observation that JNK is
bound to RACK1 even prior to PMA or UV treatment and that
JNKT183A/Y185F could be detected, albeit in limited amount, on
polysomes but not on the 40S ribosomal subunit.

In response to stress, polysomal abundance of JNK increases by
�10-fold to accommodate increased demand for quality control
of NSPs. Polysome-associated JNK phosphorylates eEF1A2,
which increases its association with NSPs, and the concomitant
degradation of NSPs by the proteasome. In agreement with this,
eEF1A2 binds the proteasomal subunit Rpn2 (data not shown),
which is consistent with the binding of polysome-associated
RACK1 to the proteasomes (Fig. 4G) and the observations that
mammalian eEF1A2 may be involved in delivering misfolded
NSPs to the proteasome (47–49). Importantly, the JNK phosphor-
ylation sites on eEF1A2 at Ser205 and Ser358 are evolutionarily
conserved (Fig. 10J), strongly suggesting a phylogenetic conserva-
tion of the control of eEF1A2 by JNK phosphorylation and its role
in the stress-induced control of NSP stability.

JNK directly interacts with the WD4 domain of RACK1 (29),
which is exposed on the surface of 40S ribosome (40), and has
been implicated in nascent peptide-dependent translation arrest
(50). RACK1 is positioned next to the mRNA exit channel (34),
which is located on the opposite side of the ribosome from the
polypeptide exit tunnel (51). Thus, it is unlikely that JNK phos-
phorylated eEF1A2 complex associates directly with the emerging
polypeptide chain on the individual ribosomes. In contrast, in
polysomes, individual ribosomes are tightly packed and highly
organized (3), which is expected to increase the exposure of NSPs
to elevated concentrations of JNK-phosphorylated eEF1A2. In-
deed, phosphorylation of eEF1A2 by JNK appears to increase
abundance of polysomal eEF1A2, whereas puromycin treatment,
which disrupts ribosomal architecture characteristic of polysomes
leads to dissociation of JNK from the ribosome and disruption of
ribosome-associated JNK complexes. These findings raise an in-
triguing possibility whereby extensive stress induces a switch in
JNK function from quality control of NSPs to cell death programs.

What is the physiological significance of stress-induced degra-
dation of nascent polypeptides? First, this may be a global effect
that is one aspect of the cellular defense to stress. Nascent poly-
peptides are more susceptible to misfolding under stress and thus
require continuous chaperone surveillance (52). Thus, it is advan-
tageous to eliminate such damaged peptides by accelerating their
degradation under stress conditions and therefore decreasing the
workload of chaperone machinery. Alternatively, there could be a
subset of nascent polypeptides that are selectively affected by JNK-
phosphorylated eEF1A2, perhaps including polypeptides that are
vulnerable under stress; this aspect merits further investigation. It
is noteworthy that eEF1A has been shown to induce ubiquitin-
dependent degradation of certain N
-acetylated proteins (53)
that are implicated in cell proliferation, apoptosis, and carcino-
genesis (54–56); indeed, both eEF1A2 and JNK have been impli-
cated as important regulators of these cellular processes (18, 33,
57–59). Importantly, eEF1A2 is overexpressed in a variety of tu-
mors, including ovarian and breast cancers (60, 61). The latter

may have implications for NPS and global ER stress. By analogy to
our own observations, constitutive expression of phosphomi-
metic eEF1A2S205D/S358D was associated with partial inhibition of
JNK activity, pointing to a plausible negative-feedback mecha-
nism set to limit JNK own activity and, in turn, eEF1A2 availabil-
ity. Tumor cells may escape this feedback regulation through up-
regulation of eEF1A2 expression, which is expected to endow
tumor cells with a higher capacity to degrade misfolded NSPs; a
mechanism that would contribute to the notorious resistance of
tumor cells to stress.

In addition to regulating the stability of NSPs, JNK may play a
role in their folding. Consistent with this possibility, we also found
several chaperones, such as Hsp70 and TRiC, associated with
polysomal JNK. Hsp70 plays an important role in nascent poly-
peptide organization, while TRiC is involved in the folding of
newly synthesized polypeptides that are aggregation-prone be-
cause of their complex topology (62). Given this, it is plausible that
the involvement of JNK in controlling NSP stability is part of a
greater network, of which eEF1A2 is the first identified compo-
nent.

In conclusion, the finding that ribosome-associated RACK1/
JNK/eEF1A2 complexes govern the stability of NSPs constitutes a
previously unrecognized quality control mechanism for NSPs in
mammalian cells under stress, which complements well-estab-
lished effects of stress on protein synthesis via modulation of
mRNA translation.
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