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DNA damage response signaling is crucial for genome maintenance in all organisms and is corrupted in cancer. In an RNA inter-
ference (RNAi) screen for (de)ubiquitinases and sumoylases modulating the apoptotic response of embryonic stem (ES) cells to
DNA damage, we identified the E3 ubiquitin ligase/ISGylase, ariadne homologue 1 (ARIH1). Silencing ARIH1 sensitized ES and
cancer cells to genotoxic compounds and ionizing radiation, irrespective of their p53 or caspase-3 status. Expression of wild-type
but not ubiquitinase-defective ARIH1 constructs prevented sensitization caused by ARIH1 knockdown. ARIH1 protein abun-
dance increased after DNA damage through attenuation of proteasomal degradation that required ATM signaling. Accumulated
ARIH1 associated with 4EHP, and in turn, this competitive inhibitor of the eukaryotic translation initiation factor 4E (eIF4E)
underwent increased nondegradative ubiquitination upon DNA damage. Genotoxic stress led to an enrichment of ARIH1 in pe-
rinuclear, ribosome-containing regions and triggered 4EHP association with the mRNA 5= cap as well as mRNA translation ar-
rest in an ARIH1-dependent manner. Finally, restoration of DNA damage-induced translation arrest in ARIH1-depleted cells by
means of an eIF2 inhibitor was sufficient to reinstate resistance to genotoxic stress. These findings identify ARIH1 as a potent
mediator of DNA damage-induced translation arrest that protects stem and cancer cells against genotoxic stress.

DNA damage leads to acute toxicity and the accumulation of
mutations and chromosomal instability, potentially resulting

in malignant transformation (1, 2). To counteract these deleteri-
ous effects of DNA damage, the cell is equipped with a highly
complex signaling response termed the DNA damage response
(DDR). The DDR activates effector components involved in pro-
tective pathways, including DNA damage repair, cell cycle arrest,
transcription regulation, chromatin remodeling, and cell death
(1). The complex of DDR signaling pathways is crucial for the
protection of the genome in all organisms. Moreover, under-
standing DDR signaling in the context of chemical or ionizing
radiation-induced DNA damage is important to design improved
strategies to combat therapy resistance. In tandem with phos-
phorylation-mediated signaling, which is largely executed by the
phosphoinositol 3-kinase (PI3K)-like kinases ATM, ATR, and
DNA-dependent protein kinase (DNA-PK), the checkpoint ki-
nases Chk1 and Chk2, and members of the mitogen-activated
protein kinase (MAPK) family (3, 4), protein modifications by
ubiquitin and ubiquitin-like moieties are crucial at all levels of the
DDR (5).

The ubiquitination machinery can form various, differentially
interpreted tags, including both degradative (K48- and K11-
linked chains) and nondegradative (monoubiquitination and
K63-linked chains) signals (6). Furthermore, a growing family of
ubiquitin-like modifications, such as SUMO, Nedd8, and ISG15,
has been identified, mostly providing nondegradative signals.
Multiple enzymes are shared between the ubiquitination, sumoy-
lation, and ISGylation systems (7–9). Ubiquitin-mediated signal-
ing is vital to many cellular processes, including the response to
DNA damage. Recognition and processing of double-strand
breaks (DSBs) and intrastrand cross-links, polymerase switching
during translesion synthesis (TLS), nucleotide excision repair,
and p53 stability are all regulated by ubiquitination (5, 10, 11).
More recently, ISGylation has been implicated in the DDR: ATM-

mediated downmodulation of the ISG system can serve as a mech-
anism to enhance ubiquitination-mediated protein turnover after
DNA damage (12).

Ubiquitin and ubiquitin-like modifications occur through
three enzymatic steps, commencing with an E1 activating enzyme,
which forms a thioester bond to the ubiquitin protein. Subse-
quently, the charged ubiquitin monomer is relayed to an E2 en-
zyme that conjugates the ubiquitin molecule to its target protein
with the aid of an E3 ubiquitin ligase (13). While there are only a
few E1 and E2 enzymes, a large number of E3 ubiquitin ligases
dictates substrate specificity and ensures substrate diversity of the
ubiquitin system (13). There are two E3 ubiquitin ligase families.
In RING ubiquitinases, the ligase functions as an adaptor between
the E2 enzyme and the substrate, facilitating transfer of the ubiq-
uitin moiety to the target protein. In HECT ubiquitinases, the
ubiquitin is first conferred on a conserved residue within the
HECT domain and then added to the substrate protein (14). Re-
cently, ubiquitin ligases of the parkin family, including parkin and
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human homologue of ariadne 1 (ARIH1; HHARI), have been
demonstrated to be hybrids between HECT and RING domain
ubiquitin ligases (15).

In response to DNA damage, ongoing transcription and trans-
lation have to be adjusted to allow execution of stress-specific
programs, save energy, accomplish DNA repair, and avoid the
transcription and subsequent translation of potentially mutated
genetic material (16). Genotoxic stress has been shown to induce a
block in protein synthesis (17–19). Eukaryotic mRNAs are mostly
recruited to the ribosome through their 5= 7-methylguanosine cap
(20). The rate-limiting step of eukaryotic cap-dependent transla-
tion initiation is the binding of the eukaryotic initiation factor 4F

(eIF4F) complex to the mRNA 5= cap structure. eIF4F is com-
posed of the cap-binding protein, eIF4E, the RNA helicase eIF4A,
and the scaffold protein eIF4G (21, 22). Recruitment of additional
eIF proteins and the 40S ribosomal subunit completes the preini-
tiation complex that scans the mRNA for the AUG codon and
drives mRNA translation initiation (20–22). If eIF4E is replaced
by its structural analogue, 4EHP, at the mRNA 5= cap, this pre-
vents formation of the preinitiation complex (20). Thus, 4EHP
constitutes a negative regulator of translation initiation.

Here, we describe the identification of the parkin family E3
ubiquitin ligase ARIH1 in an RNA interference (RNAi) screen for
modulators of chemosensitivity. We show that ARIH1 levels and

FIG 1 RNAi screen for ubiquitination/sumoylation enzymes identifies CP response modulators. (A) Hits identified in primary screens; protecting siRNA
SMARTpools are in red, and sensitizing siRNA SMARTpools are in blue. (B) Results of deconvolution screen for 50 SMARTpools identified in primary
screen. (C) Z-scores obtained for 28 confirmed hits in deconvolution screen. ARIH1 results are in blue. (D) Distribution of hits over different gene
families as indicated. (E) Metacore-predicted network derived from screen hits; interactions with p53 are indicated. protector, protecting siRNAs;
sensitizer, sensitizing siRNAs.
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cellular localization are regulated in response to DNA damage. In
turn, ARIH1 protects stem and cancer cells against genotoxic
compounds and gamma irradiation (IR) by promoting and fine-
tuning a 4EHP-mediated mRNA translation arrest.

MATERIALS AND METHODS
Cell culture, plasmids, and other reagents. HM1 mouse embryonic stem
(ES) cells derived from an OLA/129 genetic background (provided by
Klaus Willecke, University of Bonn) were maintained under feeder-free
conditions in Glagow minimum essential medium containing 5 � 105 U
of mouse recombinant leukemia inhibitory factor (LIF; PAA). All other
cell lines were purchased from the ATCC. MCF7 human breast cancer
cells and H1299 human non-small-cell lung cancer cells were maintained
in RPMI medium. U2OS human sarcoma cells were kept in Dulbecco
modified Eagle medium (DMEM). All media contained 10% fetal bovine
serum (FBS), 25 U/ml of penicillin, and 25 �g/ml of streptomycin. All cell
lines, including stable short hairpin RNA (shRNA)-expressing deriva-
tives, were confirmed to be mycoplasma free using the Mycosensor kit
from Stratagene.

Wild-type (17342) and non-ISGylatable (K121/130/134/222R [4KR])
mutant (17353) FLAG-tagged versions of 4EHP, as well as hemagglutinin
(HA)-tagged ISG15 (12444), were provided by Dong-Er Zhang, Scripps
Research Institute, La Jolla, CA, through Addgene (23). By means of site-
directed mutagenesis, a point mutation (C208A) was introduced into
wild-type ARIH1 cDNA, yielding an ubiquitination-deficient ARIH1 mu-
tant (24). Wild-type and C208A ARIH1 cDNAs were cloned into entry
vector pENTR4-GFP-C1 (w392-1), provided by E. Campeau, University
of Massachusetts Medical School, Worcester, MA, through Addgene (25).
Subsequently, they were recombined into pLenti6.3 V5-DEST (Invitro-
gen) using Gateway recombination. Destination vectors containing such
green fluorescent protein (GFP)-tagged ARIH1 versions were used for
either direct overexpression in mammalian cells or lentiviral production.

Genotoxicants included the DNA cross-linkers cisplatin [CP; cis-
PtCl2(NH3)2] (provided by the Pharmacy Unit of University Hospital,
Leiden, The Netherlands) and mitomycin C (Sigma), as well as the inhib-
itors of topoisomerase II-mediated DNA unwinding doxorubicin (Sigma)
and etoposide (Sigma). The oxidative stressor diethyl maleate (DEM), the
microtubule poison vincristine, and the endoplasmic reticulum (ER)
stressor thapsigargin were from Sigma. The pan-caspase inhibitor z-Val-
Ala-DL-Asp-fluoromethylketone (z-VAD-fmk) was purchased from
Bachem, and the eIF2� dephosphorylation inhibitor salubrinal was from
Calbiochem. The ATM inhibitor KU-5593 and proteasome inhibitor
MG132 were from Tocris Biosciences. Antibodies against p53 and phos-
pho-p53(Ser15) were purchased from Novacostra and Cell Signaling, re-
spectively. Antibodies against tubulin and FLAG were obtained from
Sigma. Antibodies against mouse or human 4EHP and eIF4G2 were from
Cell Signaling. ARIH1 antibody was from Novus Biologicals. Monoclonal
antibody against ubiquitin was purchased from Enzo Biochem (FK2
clone).

RNAi experiments. Small interfering RNAs (siRNAs) were purchased
from ThermoFisher Scientific. For primary screens, the Dharmacon
siGENOME SMARTpool siRNA Library—mouse ubiquitin conjugation
subsets 1 (G-015610), 2 (G-015620), and 3 (G-015630)—were used. For
deubiquitination and SUMOylation screens, customized siGENOME
SMARTpool siRNA libraries were used (see Table S1 in the supplemental
material). For deconvolution confirmation screens, customized libraries
containing 4 individual siRNAs targeting each selected mRNA were used.
GFP, lamin A/C, and RISC-free control siRNAs were used according to
minimum information about an RNAi experiment (MIARE) guidelines.
Kif11 siRNA was used as transfection efficiency control.

The siRNA screens were performed on a Biomek FX (Beckman
Coulter) liquid handling system. A 50 nM concentration of siRNA was
transfected in 96-well plates using Dharmafect1 transfection reagent
(ThermoFisher Scientific). The medium was refreshed every 24 h, and
cells were exposed to indicated compounds or vehicle controls at 64 h
posttransfection for 24 h. Primary screens were done in duplicate, and
deconvolution screens were done in quadruplicate. As readout, a cell vi-
ability assay using ATPlite 1Step kit (PerkinElmer) was performed ac-
cording to the manufacturer’s instructions, followed by luminescence
measurement using a plate reader.

For stable gene silencing, cells were transduced using lentiviral TRC
shRNA vectors at a multiplicity of infection (MOI) of 1 (LentiExpress;
Sigma-Aldrich; Rob Hoeben and Martijn Rabelink, University Hospital,
Leiden, The Netherlands) according to the manufacturer’s procedures
and bulk selected in medium containing 2.5 �g/ml of puromycin. Control
vector expressed shRNA targeting TurboGFP. shRNAs targeting ARIH1
were CCAGATGAATACAAGGTCATC (shARIH1-1), CTACCTTGAAC
GAGATATTTC (shARIH1-2), and CTGTTAAATGTAAGTGGTTAC
(shARIH1-3).

For ARIH1 gene silencing in combination with ectopic expression of
GFP-ARIH1 constructs, an siRNA targeting the 3= untranslated region
(UTR) (GCACACAGCUGUAGGCAUUUU) of ARIH1 was used
(ThermoFisher Scientific).

RNAi screen data analysis. As a quality control, Z= factors were deter-
mined for each plate, using lamin A/C as a negative control and p53 as a
positive control. To rank the results, Z-scores were calculated using as a
reference (i) the mean of all test samples in the primary screen and (ii) the
mean of the negative-control samples in the secondary deconvolution
screen (in order to prevent bias due to preenrichment of hits) (26). Hit
determination was done using Z-scores with a cutoff value of 1.5 below or
above the reference and a P value lower than 0.05. Enrichment of canon-
ical pathways and formation of the p53/ubiquitination signaling network
was performed using MetaCore data mining software.

Apoptosis and cell cycle analysis. ES cells were exposed to a vehicle or
CP for 8 h for cell cycle analysis or 24 h for apoptosis analysis. MCF7 cells
were exposed for 24 h for cell cycle analysis. Floating and attached cells
were pooled and fixed in 80% ethanol overnight. Cells were stained using
phosphate-buffered saline (PBS)-EDTA containing 7.5 mM propidium

FIG 2 Silencing ARIH1 sensitizes to genotoxic stress. (A) ES cell viability after treatment for 24 h with the indicated equitoxic concentrations of CP, mitomycin
C (MMC), etoposide (ETO), doxorubicin (DOX), diethyl maleate (DEM), thapsigargin (THAPS), or vincristine (VINC). (B) ES cell viability in the presence of
control (CTR) or ARIH1 siRNA after treatment with equitoxic concentrations of CP, ETO, or MMC. (C) ES cell viability in the presence of Kif11-siRNA (only
for PBS), GFP-siRNA, p53-siRNA, or 2 individual siRNA sequences targeting ARIH1 after treatment with equitoxic concentrations of CP, DOX, DEM, THAPS,
or VINC (normalized to siGFP). (D) Sub-G0/G1 apoptotic fraction of control or siARIH1 ES cells treated with 7.5 �M CP for 24 h. (E) ARIH1 protein levels and
H2B loading control in U2OS cells bulk puromycin selected for expression of sh-control or 3 individual shRNAs targeting ARIH1. Percentages indicate
remaining ARIH1 expression. Asterisks indicate shARIH1-2 and shARIH1-3, used in all further experiments. (F) U2OS cell viability in sh-control or 2 individual
shARIH1 cell lines after treatment with a vehicle (PBS) or 10 or 25 �M CP for 48 h. Raw values of luminescence for treatment with PBS and with 10 and 25 �M
CP (means � SEMs) were as follows: for sh-control, 84,534 � 8,398, 54,502 � 6,677, and 42,276 � 1,720, respectively; for shARIH1-2, 72,869 � 11,532, 27,894 �
3,564, and 19,722 � 258, respectively; and for shARIH1-3, 64,028 � 3,582, 34,457 � 5,661, and 19,682 � 273, respectively. (G) Colony formation capacity in
sh-control or shARIH1-2 and -3 U2OS cell lines after 24 h treatment with CP at the indicated concentrations. Nonnormalized means � SDs for 0, 1, 2.5, and 5
�M CP were as follows: for sh-control, 79.67 � 7.79, 81.00 � 13.55, 43.67 � 3.89, and 23.00 � 3.54, respectively; for shARIH1-2, 65.33 � 5.49, 39.33 � 4.71,
22.67 � 3.89, and 5.00 � 1.63, respectively; and for shARIH1-3, 56.67 � 2.48, 40.33 � 4.26, 24.67 � 5.93, and 9.00 �1.22, respectively. (H) Colony formation
capacity in sh-control or shARIH1-2 and -3 U2OS cell lines after 24 h of treatment with the indicated IR doses. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s
t test).
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iodine and 40 mg/ml of RNase A and measured by flow cytometry
(FACSCanto II; Becton Dickinson). The amounts of cells in the different
cell cycle fractions or in sub-G0/G1 for apoptotic cells were calculated
using BD FACSDiva software. Alternatively, apoptosis was determined
using live imaging of annexin V labeling, as described previously (27).

Clonogenic survival assay. U2OS cells (250 cells/plate) expressing
different shRNAs were seeded in triplicate in 9-cm plates. The following
day, cells were treated for 24 h with a dose range of CP or IR. After a
recovery period of 10 days, surviving cells were fixed and stained and
colonies were counted to assay each cell line’s clonogenic potential.

Western blot analysis. Extracts were prepared in Tris-sucrose-EDTA
buffer containing protein inhibitor cocktail, separated by SDS-PAGE on
polyacrylamide gels, and transferred to polyvinylidene difluoride (PVDF)
membranes; membranes were blocked using 5% bovine serum albumin
(BSA). Following incubation with primary and secondary antibodies, sig-
nal was detected using a Typhoon 9400 from GE Healthcare.

Immunofluorescence. U2OS cells were seeded on glass coverslips and
allowed to grow for 2 days. Subsequently, they were treated with CP and
fixed using 2% formaldehyde for 20 min at the desired time points. After
extensive washing and rehydration in PBS, postfixation extraction took
place by incubation with 0.25% Triton X-100 for 5 min. Cells were exten-
sively washed with PBS to remove detergent and then blocked in 5% BSA.
Finally, coverslips were immunostained with mouse anti-FLAG and rab-
bit anti-eiF4G2 antibodies and appropriate secondary fluorescent anti-
bodies.

Cap binding assay. HM1 ES cells, U2OS cells, and MCF7 breast cancer
cells were seeded in 6-well plates at a density of 0.5 million cells/well. Cells
were treated with different concentrations of CP for 4 h (U2OS and
MCF7) or 8 h (ES), and proteins were harvested in lysis buffer containing
1 mM phenylmethylsulfonyl fluoride (PMSF; Cell Signaling). Cap bind-
ing proteins were precipitated using 7-methyl-GTP–Sepharose 4B beads
(Amersham) as described previously (28). Precipitated proteins were sep-
arated on 12% SDS-PAGE gels and analyzed by immunoblotting for
4EHP (eIF4E2).

Metabolic labeling for detection of translational changes after CP
treatment. Click-iT metabolic labeling reagents for proteins were pur-
chased from Invitrogen and used according to the manufacturer’s instruc-
tions. In short, U2OS cells were seeded to 80% confluence in 96-well
�clear plates and subsequently treated with 15 �M CP for 2 to 8 h or with
2 mg/ml of cycloheximide (CHX) for 1 h, or for 2 h with a combination of
15 �M CP and 2.5 �M salubrinal. During the last hour of treatment,
medium was replaced with methionine-free medium. Subsequently, cells
were incubated with azide-labeled methionine analogue for 1 h, fixed for
15 min in 4% formaldehyde, and stained according to the manufacturer’s
protocol. 4=,6-Diamidino-2-phenylindole (DAPI) was used as a counter-
stain, and images were acquired using a BD-pathway imaging system.
Image analysis was performed using BD Attovision software.

FLAG coimmunoprecipitation. U2OS cells, expressing different
shRNAs, were transiently transfected with FLAG-tagged wild-type 4EHP
or K121/130/134/222R (4KR) mutant 4EHP cDNAs or FLAG-LacR con-
trol plasmid in absence or presence of pCAGGS-5HA-mISG15 cDNA in
Opti-MEM (Invitrogen), using JetPEI (Polyplus Transfection). The fol-
lowing day, the medium was refreshed, and 48 h posttransfection, cells
were lysed in FLAG lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl,
1 mM EDTA, 0.5% NP-40, 0.5% Triton X-100, and 1 mM PMSF, supple-
mented with complete protease inhibitor cocktail [Roche]). After 30 min
of incubation on ice, lysates were diluted 5 times with FLAG dilution
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1 mM
PMSF, supplemented with complete protease inhibitor cocktail) and in-
cubated with prewashed M2-FLAG magnetic beads (Sigma) for 3 h. Sub-
sequently, beads were washed 3 times for 5 min with FLAG dilution buffer
and lysed in Laemmli-SDS sample buffer. FLAG-ARIH1 coimmunopre-
cipitation from lysates from SILAC-labeled (where SILAC stands for sta-
ble isotope labeling of cells in culture) cells followed by mass spectrometry
(MS) was performed as described above, with the exception of eluting

FLAG-bound proteins by competition with the 3� FLAG peptide instead
of boiling in sample buffer. Following elution, samples were trypsinized
overnight, desalted, freeze-dried, and finally used for MS analysis.

qPCR. RNA was extracted using RNeasy Plus minikit from Qiagen.
cDNA was made from 50 ng of total RNA with a RevertAid H minus
first-strand cDNA synthesis kit (Fermentas), and real-time quantitative
PCR (qPCR) was subsequently performed in triplicate using SYBR green
PCR (Applied Biosystems) on a 7900HT fast real-time PCR system (Ap-
plied Biosystems). The following qPCR primer sets were used: GAPDH
forward (fw), AGCCACATCGCTCAGACACC; GAPDH reverse (rev),
ACCCGTTGACTCCGACCTT; ARIH1 fw, TCATGCCTCTACCCAAGC
CTT; and ARIH1 rev, ACCAAACCCACAGCAACACA. Data were col-
lected and analyzed using SDS2.3 software (Applied Biosystems). Relative
mRNA levels after correction for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) control mRNA were expressed using the threshold cycle
(2���CT) method.

RESULTS
A ubiquitination RNAi screen identifies CP response modula-
tors. We performed an siRNA-based screen using the Dharma-
con ubiquitination SMARTpool library and custom-made
SMARTpool libraries targeting all known cellular deubiquitinases
(DUBs), sumoylases, and desumoylases (see Table S1 in the sup-
plemental material). Mouse embryonic stem (ES) cells that dis-
play a robust apoptotic response to genotoxic compounds, in-
cluding CP (see Fig. S1A and B in the supplemental material),
were treated with 10 �M CP or a vehicle, and cell viability was
monitored after 24 h. Fifty SMARTpools were identified that met
selection criteria (no significant effect under control conditions;
modulation of viability in the presence of CP with a Z-score of �
1.5 and a P value of 	0.05) (Fig. 1A; see also Table S2 in the
supplemental material). As controls, we included siRNA
SMARTpools either targeting Kif11, expected to induce cell killing
already under control conditions due to mitotic spindle defects, or
targeting p53, expected to protect ES cells against CP-induced
killing. In all experimental plates, siKif11 resulted in 
90% reduc-
tion in viability under both control and CP treatment conditions,
and sip53 protected against CP-induced loss of viability (see Fig.
S1C). As a quality measurement, Z= factors were calculated based
on si-lamin (negative control) and si-p53. The average of calcu-
lated Z= factors was 0.45, indicating a good signal-to-noise ratio
and reproducibility of the screens (Fig. S1D). To exclude off-tar-
get effects, selected SMARTpools entered a deconvolution screen,
where 28/50 hits were confirmed with at least 2/4 sequences re-
producing the effect of the SMARTpool (Fig. 1B and C; see also
Table S3 in the supplemental material).

The 28 confirmed hits included siRNAs targeting six DUBs,
one E1 ubiquitin-activating enzyme, Ube1x, one E2 ubiquitin-
conjugating enzyme, UBE2D3, and 12 siRNAs targeting E3 ubiq-
uitin ligases (Fig. 1D). Moreover, we identified seven siRNAs tar-
geting proteins with no described ubiquitinase function that were
included in the ThermoFisher “ubiquitination library,” presum-
ably based on the presence of predicted domains associated with
ubiquitinase function, including RING, SOCS, or SPRY (see Dis-
cussion). The knockdown of the E1 ubiquitin enzyme Ube1x
(Uba), which has recently been shown to be a crucial E1 enzyme in
the DDR following ionizing radiation and replication stress (29),
resulted in a particularly strong reduction of viability (Fig. 1C).

Enrichment of p53 modifiers and DNA repair regulators. A
large proportion of the identified hits have been previously estab-
lished to control the levels or activity of the transcription factor
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FIG 3 Silencing ARIH1 enhances cell death in response to genotoxic stress in a p53- and caspase-3-independent manner. (A) p53 and tubulin control protein
levels in ES cells in the presence of the indicated siRNAs treated with PBS control or 5 �M CP for 8 h. The graph shows quantification of Western blot data (n �
4). (B) p53 and tubulin control protein levels in U2OS cells in the presence of control or ARIH1 shRNAs treated with PBS control or 10 �M CP for 16 h. The graph
shows quantification of Western blot data (n � 3). (C) p53 and tubulin control protein levels in p53-deficient H1299 cells treated with the indicated concen-
trations of CP for 24 h. Note the absence of p53. (D) H1299 cell viability under control or siARIH1 conditions after treatment with vehicle control PBS or 25 �M
CP for 24 h. (E) MCF7 cell viability under control or siARIH1 conditions after treatment with PBS or 25 �M CP for 48 h. (F) ARIH1 and tubulin control protein
levels in MCF7 cells bulk puromycin sorted for expression of control shRNA or different shRNAs targeting ARIH1. ARIH1/tubulin ratios normalized to the
wild-type (WT) control in the order they appear on the blot were 1.00, 1.78, 1.06, 0.87, 0.04, 0.13, 0.14, and 0.10. (G) Cell viability for sh-control and two shARIH1
MCF7 cell lines treated for 48 h with PBS or 10 or 25 �M CP. (H) Fluorescence-activated cell sorter (FACS) analysis for cell cycle content in sh-control and
shARIH1 MCF7 cell lines treated for 24 h with PBS or 10 �M CP. (I) Quantification of cell cycle profiles in wild-type, sh-control, and shARIH1-2 and -3 MCF7
cell lines after treatment with PBS or 10 �M CP for 24 h. (J) FACS profiles for HM1 cell cycle content under control, siGFP, or siARIH1 conditions after treatment
with a vehicle control or 1 �M CP. (K) Cell cycle distribution derived from profiles in panel J (n � 3). *, P � 0.05.
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p53, which acts as a master regulator of the outcome of the DDR in
various cell types, including ES cells (Fig. 1E) (1, 2, 30). Three of
the identified DUBs, USP7 (HAUSP), USP4, and USP5, can di-
rectly or indirectly influence p53 protein levels (10, 31–33). In
addition, the E3 ligases Rfwd3, Pirh2, and TOPORS were previ-
ously shown to affect p53 stability (10, 34, 35) (Fig. 1E; see also
Table S3 in the supplemental material). Besides p53 regulators, we
identified several other ubiquitin ligases implicated in DDR-re-
lated processes, such as postreplication repair (SHPRH [36]),
translesion synthesis (Pirh2 [37]), DSB repair (BRCA1 [38]), and
the replication protein A (RPA)-mediated repair of single-strand
breaks (Rfwd3 [39]), further confirming the validity of the targets
identified in our screen.

Silencing of ARIH1 sensitizes to genotoxic stress. One of the
strongest hits in the screen was the parkin family ubiquitin ligase
ariadne homologue 1 (ARIH1) (40). The ARIH1 SMARTpool and
all four of the individual sequences tested in the deconvolution
experiments significantly sensitized ES cells to CP-induced loss of
viability (Fig. 1A and C; see also Table S3 in the supplemental
material). In order to examine if ARIH1 was involved in the re-
sponse to specific types of stress, the effect of ARIH1 knockdown
in ES cells was examined after treatment with various genotoxic
and nongenotoxic compounds. All compounds were used at eq-
uitoxic doses causing 
50% loss of viability after 24 h of treatment
(Fig. 2A). Knockdown of ARIH1, using the SMARTpool or indi-
vidual siRNAs, did not affect ES cell viability under control con-
ditions (Fig. 2B and C). Similar to its effect on CP sensitivity,
silencing of ARIH1 using the SMARTpool or individual siRNAs
significantly sensitized ES cells to all tested genotoxic drugs, in-
cluding the topoisomerase inhibitor etoposide, the DNA interca-
lator doxorubicin, and the DNA cross-linking compound mito-
mycin C (Fig. 2B and C). In contrast, knockdown of ARIH1 did
not sensitize ES cells to nongenotoxic agents such as the oxidative
stressor diethyl maleate (DEM), the ER stressor thapsigargin, or
the microtubule poison vincristine (Fig. 2C). Decreased viability
as measured in the ATPlite assay correlated with an increased
sub-G0/G1 fraction in ARIH1-depleted ES cells that could be de-
tected after treatment with a lower dose of CP, pointing to in-
creased cell death (Fig. 2D).

In order to validate these findings in human cancer cells, we
examined the effect of silencing ARIH1 in U2OS, p53 wild-type
human sarcoma cells. We introduced lentiviral shRNAs targeting
ARIH1 and following bulk puromycin selection identified two
short hairpins providing 
90% reduction in ARIH1 protein levels
(Fig. 2E). Basal cell survival was somewhat reduced compared to

that of a lentiviral control cell line (Fig. 2F). Nevertheless, analo-
gous to the effect observed in ES cells, both ARIH1-depleted cell
lines showed a significantly increased loss of viability in response
to treatment with 10 or 25 �M CP for 48 h (Fig. 2F). Clonogenic
survival in a 10-day colony formation assay of ARIH1-depleted
U2OS cells was also markedly more impaired by 24 h of pretreat-
ment with a dose range of CP compared to control cells (Fig. 2G).
Moreover, silencing of ARIH1 not only led to sensitization to
genotoxic compounds but also significantly reduced clonogenic
survival after IR (Fig. 2H).

Genotoxic stress-induced ARIH1 accumulation represents a
p53- and caspase-3-independent adaptive response. In contrast
to reported functions for many of the other identified hits (Fig. 1E;
see also Table S3 in the supplemental material), ARIH1 did not
control basal or genotoxic stress-induced p53 stability in ES or
U2OS cells (Fig. 3A and B). In further disagreement with a role for
p53 in the enhanced sensitivity to genotoxic stress observed in
ARIH1-depleted cells, silencing of ARIH1 effectively sensitized
the p53-deficient non-small-cell lung cancer cell line H1299 (41)
to CP (Fig. 3C and D). Transient knockdown of ARIH1 also sen-
sitized the caspase-3-deficient human breast cancer cell line
MCF7, indicating that the effect of ARIH1 was not restricted to
caspase-3-mediated apoptosis (Fig. 3E). Although less prominent,
the same effect was observed using 2 independent MCF7 shARIH1
lines (Fig. 3F and G). DNA damage can trigger a p53-dependent or
independent cell cycle arrest (42). In MCF7, ARIH1 knockdown
did not alter basal cell cycle distribution or CP-induced increase in
S/G2 (Fig. 3H and I). Likewise, ARIH1 knockdown did not affect
basal cell cycle distribution or CP-induced G2/S arrest in ES cells
(Fig. 3J and K). Together, these data indicated that ARIH1-de-
pleted cells display normal arrest of the cell cycle in response to
genotoxic stress, while cell survival following DNA damage is
compromised in the absence of ARIH1 and this increased sensi-
tivity is independent of p53 or caspase-3-mediated apoptosis.

We tested if DNA damage affected the abundance of ARIH1.
ARIH1 protein levels were enhanced following CP treatment in
U2OS cells (Fig. 4A). This could not be explained by enhanced
mRNA levels, indicating that genotoxic stress triggered increased
synthesis or enhanced stability of the ARIH1 protein (Fig. 4B).
Treatment with the proteasome inhibitor MG132 led to increased
basal ARIH1 levels, with CP treatment not causing further ARIH1
accumulation under these conditions (Fig. 4C). KU-5593, an in-
hibitor of ATM, a central kinase within the DDR signaling net-
work, blocked CP-induced ARIH1 accumulation, suggesting that
DNA damage caused ATM-mediated attenuation of proteasomal

FIG 4 ARIH1 accumulates after DNA damage and interacts with 4EHP. (A) ARIH1 protein levels in U2OS cells treated for 4 h with PBS or 5 �M CP. (B) qPCR
analysis of ARIH1 RNA levels, normalized to GAPDH in U2OS cells treated for 4 h with PBS or 5 �M CP. (C) Western blot for ARIH1 and tubulin loading
control. For inhibitor treatment, cells were pretreated for 30 min with dimethyl sulfoxide (DMSO) vehicle control, 10 �M proteasome inhibitor MG132, or 5 �M
ATM inhibitor KU-55933 and subsequently exposed to 5 �M CP or PBS vehicle control for 4 h in the presence of the indicated inhibitors. Quantification is
representative for 4 independent experiments. (D) Total cell lysates and FLAG pulldown of U2OS cells transfected with control FLAG-LacR or FLAG-4EHP
plasmids and treated with a vehicle control or 5 �M CP for 4 h, followed by Western blotting (WB) for FLAG or ARIH1. Histone H3 Western blotting on total
lysates served as a loading control. (E) FLAG pulldown of U2OS cells bulk puromycin selected for expression of the indicated shRNAs, subsequently transfected
with control or FLAG-4EHP cDNAs, and treated with a vehicle control or 5 �M CP for 4 h. Western blots are shown for FLAG (4EHP) and endogenous ARIH1.
Open and shaded arrowheads are as defined in panel D. (F) Total cell lysates and FLAG pulldown of U2OS cells transfected with FLAG-tagged wild-type or 4KR
mutant 4EHP in combination with HA-ISG15 and treated with a vehicle control or 5 �M CP for 4 h, followed by Western blotting for FLAG, HA, or ubiquitin.
Tubulin Western blotting on total lysates served as a loading control. (G) Colony formation capacity after 24 h of treatment with CP at the indicated
concentrations in control U2OS cells or U2OS cells stably expressing GFP-tagged wild-type or C208A mutant ARIH1, in the absence or presence of siRNA
targeting luciferase (control) or the ARIH1 3=UTR. Means � SDs are shown for two independent biological replicates. Data fitting with single exponential decay
followed by F-test gave the following P values using si CTR as a reference: siARIH1-3=UTR, P � 0.0195; siARIH1-3=UTR plus GFP-ARIH1-WT, P � 0.7548; and
siARIH1-3= UTR plus GFP-ARIH1-C208A, P � 0.0201. *, P � 0.05. ns, not significant.
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degradation of ARIH1 (Fig. 4C). We tested whether regulation of
ARIH1 abundance might occur through suppression of self-ubiq-
uitination. However, although ARIH1 appeared to be ubiquiti-
nated, this modification was not regulated by CP and was unaf-
fected by ATM inhibition (see Fig. S2A in the supplemental
material). Moreover, a ubiquitination-deficient ARIH1 mutant
(C208A mutant) displayed a markedly similar ubiquitination pat-
tern (24). Notably, MS analysis of GFP-ARIH1 immunoprecipi-
tations identified K144 as a ubiquitinated site in ARIH1, yet again,
this was not modulated by CP treatment (see Fig. S2B). We also
identified multiple ARIH1-interacting components of the ubiq-
uitination machinery (i.e., ubiquitin itself, the E1 enzyme UBA1,
and the E2 enzyme UBE2L3, known to interact with ARIH1). Such
interactions, as well as a potential product (K48 polyubiquitin
chains), were moderately increased upon CP treatment (see Fig.
S2B).

CP treatment induces 4EHP ubiquitination. In response to
DNA damage, ongoing cellular activities are suppressed, while
stress programs and DNA repair processes are activated. One typ-
ical response is the acute inhibition of protein synthesis through
alterations of the cap-dependent translation initiation complex
(43). This can be achieved in several ways, including recruitment
of 4EHP (eIF4E2), a competitive inhibitor of the canonical cap-
binding translation initiation factor, eIF4E (20). In contrast to
eIF4E, 4EHP cannot bind the structural component eIF4G that is
required for ribosome recruitment and subsequent mRNA trans-
lation. Although ARIH1 can act as an E3 ubiquitin ligase for 4EHP
(44), there is also evidence that ARIH1 can ISGylate 4EHP, thus
enhancing its affinity for the mRNA cap structure and its ability to
replace eIF4E (23). Coimmunoprecipitations with U2OS cells
showed that the increased abundance of ARIH1 in CP-treated
cells was accompanied by increased association of ARIH1 with
4EHP and that this 4EHP-associated ARIH1 was lost in shARIH1
cells (Fig. 4D and E).

Next, we analyzed CP-induced posttranslational modification
of wild-type 4EHP and a K121/130/134/222R (4KR) mutant that
cannot be ISGylated (23). Immunoprecipitation of wild-type
4EHP showed bands of higher molecular weight appearing upon
CP treatment (Fig. 4F). Identical bands were also observed for the
4KR-4EHP mutant, arguing against 4EHP-ISGylation. Moreover,
such species were detected by a ubiquitin antibody, whereas West-
ern blotting for coexpressed HA-ISG15 did not detect these spe-
cies, despite the fact that free ISG15 was readily detected in the
FLAG immunoprecipitations. The most prominent modification
observed corresponded to 4EHP modified with one ubiquitin
molecule (28 � 7 kDa) and to a lesser extent diubiquitination, but
not polyubiquitination, associated with a degradative mark (6).

ARIH1 ubiquitination function mediates adaptation to
genotoxic stress. Results thus far suggested that 4EHP is ubiquiti-

nated, rather than ISGylated, after genotoxic stress. We tested
whether the ISGylation or ubiquitination function of ARIH1 was
required for its protective role in genotoxic stress. Therefore, we
silenced ARIH1 using an siRNA targeting the 3= UTR in U2OS
cells expressing either wild-type ARIH1 or a C208A mutant that
fails to associate with the E2 enzyme UbcH7, rendering it defective
in ubiquitination (whereas interaction with UbcH8 and hence
ISGylase activity are intact) (24). Again, ARIH1-silenced cells
were more sensitive to CP treatment, although the effect of the
transient siRNA was less prominent than stable shRNA-mediated
silencing (see Fig. 2G). Expression of wild-type but not ubiquiti-
nation-deficient (C208A) ARIH1 restored colony formation ca-
pacity under genotoxic stress in siARIH1 cells (Fig. 4G).

Together, these data indicate that 4EHP ubiquitination consti-
tutes the predominant modification induced by genotoxic stress
and that ARIH1 ubiquitinase function is crucial for its protective
role in the genotoxic stress response.

CP treatment induces 4EHP cap binding and translation ar-
rest in an ARIH1-dependent manner. ARIH1-dependent
ISGylation has been reported to regulate 4EHP association with
the mRNA 5= cap, but ARIH1-mediated ubiquitination of 4EHP,
although described, is not known to affect this process. In order to
clarify whether ARIH1 supported 4EHP translocation to the
mRNA cap upon CP treatment, we used 5= 7-methylguanosine
cap pulldown assays. Indeed, 4EHP binding to the mRNA cap was
induced in response to CP in U2OS, MCF7, and ES cells (Fig. 5A to
D). Importantly, this response was dependent on ARIH1, as CP-
induced 4EHP-cap association was abrogated in U2OS, MCF7,
and ES cells upon ARIH1 depletion (Fig. 5A to D). Subsequently,
to test if 4EHP-cap association represents an ARIH1-regulated
pathway that is involved in protection against CP, 4EHP itself was
silenced. In line with such a function, ES cells and U2OS cells were
sensitized to genotoxic compounds following 4EHP silencing, and
viability of H1299 in the presence of CP and control conditions
was compromised (Fig. 5E to H).

These findings indicated that the ability of ARIH1 to protect
against genotoxic stress-induced cell death involves 4EHP-medi-
ated translation inhibition at the mRNA 5= cap. To address
whether ARIH1 localized at sites of mRNA translation upon geno-
toxic stress, we performed immunostainings to assess subcellular
localization of ARIH1. Whereas in untreated U2OS cells ARIH1
resided in the nucleus and diffusely throughout the cytoplasm,
treatment with CP or IR caused ARIH1 concentration at both the
nucleus and speckled structures in perinuclear regions, which
markedly resemble ribosomes (Fig. 5H). In agreement with a
genotoxic stress-induced transition of ARIH1 to ribosomes, and a
role in 4EHP-mediated translation arrest, eIF4G2, a ribosomal
marker, colocalized to such ARIH1-containing perinuclear re-
gions upon either CP treatment or IR (Fig. 5I and J).

FIG 5 ARIH1 mediates DNA damage-induced cap binding of 4EHP. (A to C) m7G cap pulldown from control and ARIH1-silenced U2OS (A), MCF7 (B), and
HM1 ES (C) cells treated with a vehicle control or the indicated concentrations of CP, followed by Western blotting for 4EHP or tubulin control. Numbers at the
bottoms of panels A and B indicate cap-associated 4EHP levels relative to total 4EHP. (D) Quantification of m7G cap-bound 4EHP in control siGFP and siARIH1
ES cells (2 independent experiments). (E) ES cell viability under si-control or si4EHP conditions after treatment with PBS, 10 �M CP, 150 nM etoposide (ETO),
or 10 �g/�l of mitomycin C (MMC) for 24 h. (F) ES cell viability in the presence of siRNAs targeting GFP or 4 individual sequences targeting 4EHP after control
treatment or treatment with 10 �M CP, 150 nM ETO, or 10 �g/�l of MMC. (G) U2OS cell viability under si-control (siGAPDH) or si4EHP conditions after
treatment with PBS or 10 or 25 �M CP. (H) H1299 cell viability under si-control or si4EHP conditions after treatment with PBS or 25 �M CP. (I) FLAG-ARIH1
localization before or after treatment with 5 �M CP for 4 h or 4 h after treatment with 2 Gy of IR. Arrowheads indicate regions of perinuclear accumulation. (J)
Higher magnification of perinuclear staining for FLAG-ARIH1 (green), ribosomal marker eIF4G2 (red) staining, and overlay after CP treatment or IR. Bars (I
and J), 5 �m. *, P � 0.05; **, P � 0.01.

Role for ARIH1 in DDR

April 2015 Volume 35 Number 7 mcb.asm.org 1263Molecular and Cellular Biology

http://mcb.asm.org


1264 mcb.asm.org April 2015 Volume 35 Number 7Molecular and Cellular Biology

http://mcb.asm.org


To directly address whether ARIH1 was important for induc-
ing a DNA damage-induced translation arrest, Click-iT metabolic
labeling was used to quantify newly synthesized proteins. CP treat-
ment caused a significant translation arrest in U2OS cells, with a
30% reduction of protein synthesis at 2 h posttreatment and
maintenance of a 25% reduction at 4 and 8 h posttreatment (Fig.
6A). In line with a critical role for ARIH1 in mediating this arrest,
two independent shARIH1 lines did not show this CP-induced
translation arrest. Notably, a 60% reduction in translation caused
by cycloheximide in wild-type U2OS remained intact in ARIH1-
silenced cells (Fig. 6A and B).

Finally, we investigated if the ARIH1-mediated translation ar-
rest was critical for the role of ARIH1 in adaptation to genotoxic
stress. For this, we made use of salubrinal, an inhibitor of eIF2�
dephosphorylation that renders the eIF2 initiation factor inactive
and inhibits mRNA translation under stress conditions. Cotreat-
ment with salubrinal restored the CP-induced translation arrest in
ARIH1-depleted cells (Fig. 6B). Indeed, such an alternatively trig-
gered translation arrest significantly restored viability of CP-
treated ARIH1-silenced U2OS, ES, and MCF7 cells (Fig. 6C to E).

Together, these findings indicate that DNA damage induces an
increase in ARIH1 protein levels and association of ARIH1 with
4EHP. In turn, this causes 4EHP recruitment to the mRNA cap,
where it is known to compete with eIF4E. The resulting mRNA
translation arrest represents an adaptive response to genotoxic
stress: ARIH1 depletion sensitizes cells to genotoxic stress, while
reestablishing the translation arrest at the level of eIF2 with salu-
brinal alleviates this effect (Fig. 6F).

DISCUSSION

Ubiquitination plays a vital role in the DDR signal transduction
cascade. Our RNAi screen targeting the cellular ubiquitination
and sumoylation machinery identifies several genes that modulate
the response to the chemotherapeutic drug CP. Some of the iden-
tified DUBs and E3 ubiquitin ligases have previously been impli-
cated in p53 regulation or DNA repair processes (5, 10). In addi-
tion, the screen identifies genes associated with cell cycle control
or developmental processes. These include Fbxw7, a tumor sup-
pressor that marks several proto-oncogenes, such as the Myc, Jun,
cyclin E, and Notch genes, for degradation, and Dtx2, an E3 ligase
also proposed to control the Notch signaling pathway (45–47).
Which of these functions explains the role of these ubiquitin li-
gases in the response to genotoxic stress is not known. Moreover,
while two of the individual siRNAs mimicked the SMARTpool for
these genes, the deconvolution screen also revealed one individual
siRNA for these genes to have the opposite effect. This indicates
that either of those outcomes is likely an off-target effect, and
further experiments are required to determine the role of these

genes in the response to genotoxic stress. We also identified an-
other F box protein, Fbx017, with which the SMARTpool and 3/4
individual siRNAs caused sensitization, providing more firm con-
fidence in a potential role for this gene in adaptation to genotoxic
stress. However, no mechanism of action has been described for
Fbx017 yet.

Another group of identified hits has been associated with in-
tracellular transport processes, including the DUB USP8, which
regulates endosomal sorting of membrane receptors, and RUFY
and SYTL4, which are involved in Rab-mediated vesicular trans-
port (48–50).

Notably, some of the hits from the “ubiquitination SMART-
pool library” do not have an established (de)ubiquitinase func-
tion. These include (i) the zinc finger-containing chromatin re-
modeling factor CHD4, which lacks domains associated with
(de)ubiquitinase activity (51); (ii) the Rab-interacting proteins
RUFY and SYTL4, which have an FYVE zinc finger domain which
is structurally similar to the RING domain (49, 50); and (iii) TCE1
and Rspry1, containing a SPRY domain that is found in members
of the TRIM family of ubiquitin ligases (52). In addition, Rspry1
contains a RING domain and TCE1 also harbors a SOCS box
domain, which mediates interactions with the elongin BC com-
plex, an adaptor module in E3 ubiquitin ligase complexes (53).

The parkin family ubiquitin ligase ARIH1 has not been previ-
ously implicated in DDR signaling. Our findings reveal that
ARIH1 protects pluripotent stem cells as well as various cancer
cells from the toxic effects of genotoxic chemical agents and IR
that cause DSBs. The cytoprotective role of ARIH1 is also observed
in cancer cells lacking a functional p53 or caspase-3 response.
Hence, ARIH1 is not required specifically for dampening p53-
induced, caspase-3-mediated apoptosis. Instead, we find that
ARIH1 mediates an mRNA translation arrest in response to DNA
damage by binding to 4EHP and stimulating its recruitment to the
mRNA 5= cap.

The obstruction of mRNA translation is an important event in
the response to cellular stress, and alterations in this regulatory
hub have been suggested to be important for resistance of cancer
cells to therapy (19, 54). A well-described mechanism for transla-
tion repression is enhanced interaction of the cap-binding protein
eIF4E with its negative regulator eIF4-BP1. Under normal condi-
tions, this interaction is suppressed by mTOR-mediated phos-
phorylation of eIF4-BP1 (55). Alternative eIF4E-dependent and
independent mechanisms for translation repression have been de-
scribed (20). For instance, impaired Met tRNA recruitment,
through eIF2� Ser51 phosphorylation, represents a canonical re-
sponse to accumulation of improperly folded proteins in the en-
doplasmic reticulum: the so-called unfolded protein response

FIG 6 ARIH1 mediates CP-induced mRNA translation arrest. (A) Methionine incorporation in U2OS cells after treatment with 15 �M CP for 2 h, 4 h, or 8 h
or with 2 mg/ml of cycloheximide (CHX) for 1 h. Alexa Fluor 546 signal (reflecting amount of newly synthesized protein)/number of nuclei (DAPI), normalized
to the PBS condition, is shown. (B) Methionine incorporation in sh-control and two different shARIH1 U2OS cell lines after treatment with 2 mg/ml of CHX for
1 h, 15 �M CP for 2 h, or cotreatment with 15 �M CP and 2.5 �M salubrinal (SAL) for 2 h. Alexa Fluor 546 signal/number of nuclei, normalized to the PBS
condition, is shown. (C to E) Cell survival in cells expressing indicated siRNAs or shRNAs after treatment with the indicated concentrations of CP in the absence
or presence of 2.5 �M SAL. (C) U2OS cells with 48 h of treatment; (D) ES cells with 24 h of treatment; (E) MCF7 cells with 48 h of treatment. (F) Model for the
role of ARIH1 in regulating sensitivity to genotoxic stress. (i) Under nonstress conditions, eIF4E binds the mRNA 5= 7-methylguanosine cap, a preinitiation
complex is formed that scans the mRNA until the AUG codon is found, and translation can occur. (ii) Upon genotoxic stress, ARIH1 accumulates and associates
with 4EHP, resulting in recruitment of 4EHP to the 5= cap, where it replaces eIF4E, thereby disrupting the preinitiation complex and resulting in translation arrest
that is cytoprotective. (iii) In the absence of ARIH1, 4EHP is not recruited to the mRNA 5= cap, DNA damage-induced translation arrest does not occur, and cell
survival is compromised. (iv) Restoration of the translation arrest in ARIH1-depleted cells experiencing genotoxic stress by preventing formation of a preini-
tiation complex through inhibition of eIF2 also restores cell survival.
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(56). Yet another way to arrest mRNA translation is through en-
hanced mRNA 5= cap binding of eIF4E2, also known as 4EHP
(57). Our findings implicate the latter mechanism in the DNA
damage-induced protein synthesis arrest and provide evidence
that it is regulated through ARIH1.

4EHP is an eIF4E homologue that has low affinity for binding
the cap structures of most mRNAs (58). The protein has been
implicated in the regulation of translation of a specific subset of
mRNAs in Drosophila involved in embryonic patterning (59, 60).
ARIH1 can ISGylate 4EHP, resulting in increased mRNA 5= cap
affinity, but it is not known under which conditions ARIH1-me-
diated ISGylation of 4EHP is induced (23). Here, we demonstrate
that in response to DSB-inducing genotoxic stress, ARIH1 protein
accumulates and interacts with 4EHP, leading to increased re-
cruitment of 4EHP to the mRNA 5= cap. Our findings obtained
using a non-ISGylatable 4EHP mutant and 4EHP:ISG15 coimmu-
noprecipitations indicate that ubiquitination but not ISGylation
is the predominant DNA damage-induced 4EHP modification.
Moreover, we show that ubiquitination capacity is required for
the ARIH1-mediated adaptive response to genotoxic stress.

The accumulation of ARIH1 depends on activity of ATM, a key
kinase in the DDR, and most likely involves inhibition of proteo-
somal degradation. Despite a putative ATM target motif (S-Q) in
the ARIH1 protein at serine 514, phosphorylation of this site has
not been detected by us or by other groups in the presence or
absence of genotoxic stress (3, 61, 62; unpublished data) (http:
//www.phosphosite.org). Although this may also be an outcome
of technical limitations of the MS used in these studies (for exam-
ple, a very short tryptic fragment), it points to an indirect mecha-
nism by which ATM signaling leads to ARIH1 accumulation after
genotoxic stress. One possible mechanism would involve attenu-
ation of ARIH1 self-ubiquitination following genotoxic stress.
However, our results thus far do not suggest autoubiquitination,
or its regulation by genotoxic stress or ATM, as the relevant mech-
anism. It is revealing that our MS analysis indicates that ARIH1 is
part of a complex of ubiquitination-related enzymes that is sensi-
tive to genotoxic stress. The detailed composition of this complex
and its regulation in response to genotoxic stress will be the topic
of further study.

Translation arrest is effectuated by 4EHP due to its capacity to
act as a competitive inhibitor for eIF4E. Unlike eIF4E, 4EHP can-
not bind the structural component eIF4G required for formation
of the preinitiation complex. In line with this, 4EHP was unable to
complement eIF4E in gene knockout experiments with Saccharo-
myces cerevisiae (63). Our findings indicate that ARIH1-mediated
4EHP recruitment to the mRNA 5= cap underlies the cytoprotec-
tive role of ARIH1: (i) DNA damage-induced recruitment of
4EHP to the mRNA 5= cap is ARIH1 dependent, (ii) DNA dam-
age-induced translation arrest is ARIH1 dependent, and (iii)
RNAi targeting ARIH1 or 4EHP sensitizes ES or cancer cells to
DNA damage. In H1299 cells, 4EHP depletion also compromises
viability under control conditions, which may be related to endog-
enous genotoxic stress. Our data do not support the idea that a
genotoxic stress-induced mRNA translation arrest is lost in cancer
cells as was described for other eIF4E-dependent routes, such as
4EBP-1 phosphorylation (19). U2OS cells do attenuate protein
synthesis following genotoxic stress, and depletion of ARIH1 leads
to sensitization of all cancer cell lines tested thus far. Intriguingly,
while inhibition of eIF4E cap binding can sensitize cancer cells to
different chemotherapeutics (19, 54), we show that inhibition of

the competitive process involving ARIH1 and 4EHP has the same
effect. Clearly, ongoing mRNA 5= cap-mediated translation as well
as the ability to temporarily arrest translation in response to DNA
damage is required for (cancer) cells to escape genotoxic stress-
induced death. Our immunofluorescence experiments indicate
that upon genotoxic stress, ARIH1 is concentrated not only in
nuclei but also in a perinuclear region where ribosomes are clus-
tered, placing ARIH1 at the correct location to control this pro-
cess.

As mentioned above, an alternative route to attenuate protein
synthesis is through eIF2� Ser51 phosphorylation, a modification
typically triggered by an accumulation of misfolded proteins in
the ER (56). This response can be enhanced by salubrinal, an in-
hibitor of the phosphatase complex that dephosphorylates eIF2�
(64). Interestingly, treatment with salubrinal restores the CP-in-
duced translation arrest as well as cell survival in ARIH1-depleted
cells. This shows that alternative means for attenuating protein
synthesis can compensate for the inability to do so through en-
hanced 4EHP-cap binding. Moreover, it provides further evi-
dence for a model in which the ability of ARIH1 to couple DSB-
induced genotoxic stress to attenuation of mRNA translation
underlies its cytoprotective role.
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