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DNA damage induces p53-independent apoptosis
through ribosome stalling
Nicolaas J. Boon1,2, Rafaela A. Oliveira1,2†, Pierré-René Körner1,3†, Adva Kochavi1,3†,
Sander Mertens1,4, Yuval Malka1,3, Rhianne Voogd5, Suzanne E. M. van der Horst1,4,
Maarten A. Huismans1,4, Lidwien P. Smabers6, Jonne M. Draper2, Lodewyk F. A. Wessels1,7,
Peter Haahr1,2,8, Jeanine M. L. Roodhart6, Ton N. M. Schumacher1,5, Hugo J. Snippert1,4,
Reuven Agami1,3*, Thijn R. Brummelkamp1,2*

In response to excessive DNA damage, human cells can activate p53 to induce apoptosis. Cells lacking p53
can still undergo apoptosis upon DNA damage, yet the responsible pathways are unknown. We observed that
p53-independent apoptosis in response to DNA damage coincided with translation inhibition, which was
characterized by ribosome stalling on rare leucine-encoding UUA codons and globally curtailed translation
initiation. A genetic screen identified the transfer RNAse SLFN11 and the kinase GCN2 as factors required for UUA
stalling and global translation inhibition, respectively. Stalled ribosomes activated a ribotoxic stress signal
conveyed by the ribosome sensor ZAKa to the apoptosis machinery. These results provide an explanation for the
frequent inactivation of SLFN11 in chemotherapy-unresponsive tumors and highlight ribosome stalling
as a signaling event affecting cell fate in response to DNA damage.

T
umour protein P53 (TP53) is the most

frequently mutated gene in human cancer
and is referred to as the “guardian of the

genome” (1, 2). The p53 protein can be
activated by DNA damage and functions
as a transcription factor to induce a cell cycle
arrest, allowing damage repair, or to induce
apoptosis (3). Cancer treatments that elimi-
nate tumor cells by damaging their DNA,
such as radiotherapy or chemotherapeutics,
can activate the p53 protein (1–3). However,
the presence of wild-type TP53 does not pre-
dict sensitivity to chemotherapeutics in large
cell line panels (4) and cells with a defective
p53 pathway can undergo apoptosis in re-
sponse to DNA damage, although a clear
understanding of the involved pathways is
unavailable (5, 6). Understanding these path-
ways could be relevant because 30 to 50% of
all cancers contain mutant TP53 (7), and
such tumors are still treated using genotoxic
therapies irrespective of these mutations. Thus,
we explored the p53-independentmechanism(s)
that activates apoptosis in response to DNA-
damaging treatments.

DNA damage inhibits translation
To examine p53-independent apoptosis in-
duced by DNA damage, we first established
that human haploid HAP1 cells underwent
apoptosis in response to exposure to etoposide,
cisplatin, or hydroxyurea, which induce DNA
damage by different mechanisms. HAP1 cells
are derived from a chronic myeloid leukemia
cell line and contain the BCR-ABL oncogene,
which is not required for cell fitness (fig. S1A)
(8, 9). To detect the induction of apoptosis and
distinguish it from other forms of cell death, we
measured features of apoptotic cell death (fig.
S2, A to D) and activation of the executioner cas-
pase cleaved caspase-3 (Fig. 1A). Indeed, all treat-
ments caused DNA damage, as indicated by the
phosphorylation of Ser139 onH2A histone family
member X (gH2AX), and induced apoptosis (Fig.
1B). Because HAP1 cells contain a mutation in
TP53 affecting itsDNA-bindingdomain (10), and
some stimuli activate p53-independent apoptosis
(11–14), this response was likely independent of
p53. To address this, CRISPR-Cas9was used to
inactivate TP53 in HAP1 cells or A549 cells that
contain wild-type TP53 (fig. S3A). In polyclonal
cell populations, the wild-type cells and the
cells that lacked p53 expression due to CRISPR
editing underwent apoptosis in response to
etoposide (Fig. 1C and fig. S3, B and C). Thus,
DNA damage–induced apoptosis occurred inde-
pendently of p53 in multiple cell types.
We further characterized the cellular response

to etoposide in HAP1 cells and noticed a global
decrease in protein synthesis bymeasuring the
incorporation of puromycin in nascent pep-
tides (Fig. 1D). Although an effect of radiation,
and some chemotherapeutics, on global trans-
lation has been reported, the cause and func-
tion remain unclear (15–19). When measured
at the single-cell level, it was evident that a sub-
set of cells displayed low amounts of transla-

tion upon exposure to different DNA-damaging
agents (Fig. 1E and fig. S4, A and B). We mea-
sured translation and the activation of caspase-3
simultaneously in single HAP1 cells and found
that DNA damage–induced caspase activation
was only detected in the “low translation” cell
population (Fig. 1F and fig. S3D), which was
unaffected by BCR-ABL inhibition (fig. S3E).
Inhibition of translationwas unaffected by the
cotreatment of cells with the pan-caspase in-
hibitor Z-VAD-FMK (Fig. 1F), which inhibited
caspase activation. Thus, DNA damage selec-
tively activates apoptotic caspases in cells with
inhibited translation, and caspase activation
itself was not required for the inhibition of
translation.

DNA damage causes ribosome stalling

To investigate translation inhibition after DNA
damage further, we used ribosome profiling
to analyze the ribosome-protected fragments
(RPFs) of mRNA. Metagene examination of
the RPF distribution revealed an etoposide-
induced accumulation of ribosomes at the
translation start site (fig. S5A). To examine pat-
terns of ribosome occupancy at the codon level,
we used differential ribosome codon reading
(diricore) (20, 21). Subsequence (codon occu-
pancy) and 5′-RPF density analyses demon-
strated an increase in ribosome occupancy at
RPF position 15 (corresponding to the ribo-
somal A site) on rare leucine UUA codons upon
etoposide treatment, which was not observed
on other codons and in particular other leucine
codons (Fig. 1G and fig. S5B). These observa-
tions indicate that translation initiation was
suppressed and ribosomes were stalled on the
rare leucine codon UUA in response to DNA
damage. Because the leucine UUA codon is
not present in every protein, we investigated
whether the accumulation of ribosomes at
the translation start site occurred in the ~30%
of all proteins devoid of leucine UUA codons.
This showed that the reduction in translation
initiation occurred on transcripts irrespec-
tive of the presence of UUA codons (fig. S5, C
and D). To explore whether the stalling was
caused by a shortage of the UUA-corresponding
tRNA (tRNAUUA), we measured the abun-
dance of the tRNAUUA by quantitative poly-
merase chain reaction (qPCR). Treatment of
cells with etoposide resulted in a decreased
abundance of tRNAUUA in the nucleus and
cytosol (Fig. 1H and fig. S6, A and B). Our results
show that DNA damage leads to a global de-
crease in translation, aswell as specific ribosomal
stalling on rare leucine-encoding UUA codons
associated with a decreased abundance of
the corresponding tRNA.

Translation inhibition and ribosome stalling
require SLFN11

To study howDNA damage inhibits translation,
we designed genetic screens in mutagenized

RESEARCH

1Oncode Institute, Utrecht, Netherlands. 2Division of
Biochemistry, Netherlands Cancer Institute, Amsterdam,
Netherlands. 3Division of Oncogenomics, Netherlands Cancer
Institute, Amsterdam, Netherlands. 4Center for Molecular
Medicine, University Medical Center Utrecht, Utrecht,
Netherlands. 5Department of Molecular Oncology and
Immunology, Netherlands Cancer Institute, Amsterdam,
Netherlands. 6Department of Medical Oncology, University
Medical Center Utrecht, Utrecht University, Utrecht,
Netherlands. 7Division of Molecular Carcinogenesis, Netherlands
Cancer Institute, Amsterdam, Netherlands. 8Center for Gene
Expression, Department of Cellular and Molecular Medicine,
Faculty of Health and Medical Sciences, University of
Copenhagen, Copenhagen, Denmark.
*Corresponding author. Email: r.agami@nki.nl (R.A.);
t.brummelkamp@nki.nl (T.R.B.)
†These authors contributed equally to this work.

Boon et al., Science 384, 785–792 (2024) 17 May 2024 1 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on O
ctober 18, 2024

mailto:r.agami@nki.nl
mailto:t.brummelkamp@nki.nl
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adh7950&domain=pdf&date_stamp=2024-05-16


BUntreated           Etoposide     Hydroxyurea           Cisplatin

C
le

av
ed

ca
sp

as
e 

3
O

ve
rla

y
(D

AP
I)

A

α-tubulin

Cleaved PARP

Cleaved
caspase 3

Etoposide + _

+ _ _Cisplatin _
Hydroxyurea _ __ + 

__
C

γH2AX

0 256

10
2

10
3

10
4

α-tubulin

Etoposide 

Translation
(Puromycin)

1h     2h     3h     4h     5h 

A
Untreated
9%

Etoposide
70%

Camptothecin
62%

Neocarzinostatin
58%

Hydroxyurea
43%

Cisplatin
65%

N
or

m
al

ize
d 

co
un

t
Low translationED F

Translation

Codons

(2637 genes)

A R N D C Q E G H I L K M F P S T W Y V

UUA

Su
bs

eq
ue

nc
e

ab
un

da
nc

e 
sh

ift

Etoposide vs untreated

0

2

4

G H

0

5

10

15

20

%
 C

el
ls 

w
ith

cl
ea

ve
d 

ca
sp

as
e 

3

Etoposide + _

WT ΔTP53
ns

ns

Re
la

tiv
e 

tR
NA

 le
ve

l

Leucine
UAA 1-1

0.0

0.5

1.0

1.5 *

0.0

0.5

1.0

1.5

Re
la

tiv
e 

tR
NA

 le
ve

l

Leucine
UAA 3-1

**

10
2

10
3

10
4

10
1

10
2

10
3

10
4

10
1

10
2

10
3

10
4

10
2

10
3

10
4

10
2

10
3

10
4

10
2

10
3

10
4

Etoposide + Z-VAD-FMKZ-VAD-FMK

Untreated Etoposide
Low translation CC3 positive

2.7%

7.8%

24%

67.4%

1.8%

8.7%

1.7%

70.9%

Translation

C
le

av
ed

 C
as

pa
se

 3

Etoposide + - +Etoposide -

Fig. 1. DNA damage induces a global decrease in translation and ribosome
stalling on the rare leucine codon UUA. (A and B) HAP1 cells treated with
hydroxyurea (HU, 2mM) for 16 hours, cisplatin (2.5 mM) for 16 hours, and
etoposide (5 mM) for 4 hours were subjected to immunostaining (A) and
immunoblot analysis (B). (C) Quantification of three independent flow
cytometry experiments comparing the proportion of HAP1 cells containing
cleaved caspase-3 between wild-type and TP53-null cells after treatment with
etoposide (5 mM) for 4 hours. HAP1 cells were infected with a CRISPR/Cas9
virus targeting TP53 to obtain a mixed-cell population with wild-type and
TP53-deficient cells and stained for p53 as well as cleaved caspase-3. P values
were calculated using a two-tailed t test. ns, not significant. Data are shown
as mean ± SD. (D) HAP1 cells were treated with either etoposide (5 mM)
for 1 to 5 hours or anisomycin (5 mg/ml) (A) for 1 hour, followed by puromycin
incorporation (2 mg/ml) for 10 min and immunoblot analysis. (E) Global

translation was measured by flow cytometry in HAP1 cells treated with
etoposide (5 mM) for 4 hours, neocarzinostatin (NCS, 500 ng/ml) for 4 hours,
camptothecin (CPT, 1 mM) for 4 hours, HU (2 mM) for 16 hours, and cisplatin
(2.5 mM) for 16 hours, followed by puromycin incorporation (2 mg/ml) for
10 min. Puromycin staining intensity was normalized between measurements
(fig. S4). (F) Global translation (x axis) and caspase-3 cleavage (y axis)
were measured by flow cytometry in HAP1 cells treated with etoposide (5 mM)
for 4 hours and/or the caspase inhibitor Z-VAD-FMK (100 mM), followed
by puromycin incorporation (2 mg/ml) for 10 min. (G) Diricore analysis bar plot
depicting differential codon occupation (at position –15 of the RPFs) in
etoposide-treated (5 mM for 3 hours) versus untreated HAP1 cells. (H) Real-
time qPCR analysis of the UUA-corresponding tRNAs-UAA 1-1 and 3-1
normalized to U6 snRNA in HAP1 cells treated with etoposide (10 mM) in
the presence of Z-VAD-FMK (100 mM) for 8 hours.
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HAP1 cells. We used puromycin incorporation
in nascent proteins of cells exposed to etoposide
as a phenotypic readout that could be captured
by fluorescence-activated cell sorting (FACS).
Cell populationswith relatively “high” and “low”
signals of puromycin incorporation were iso-
lated, and gene-trap insertions were mapped

by deep sequencing (22). To identify genes
required for the inhibition of translation, we
looked for those that were enriched for dis-
ruptive mutations in the “high-translation”
versus the “low-translation” cell population
(Fig. 2A). We performed two screens in par-
allel in which the cells were either untreated or

treated with etoposide (Fig. 2B; fig. S7, A and B;
and tables S1 and S2). Schlafen family member
11 (SLFN11) and general control nonderepressible
2 (GCN2) were two of the most enriched genes
present only in the etoposide-treated screen.
GCN2 is a kinase phosphorylating eukaryotic
translation initiation factor 2A (eIF2a) that
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Fig. 2. SLFN11 is critical for ribosomal UUA stalling and GCN2 mediates
global inhibition of translation. (A) Schematic representation of a haploid
genetic screen to identify genes involved in DNA damage–induced inhibition of
translation. (B) Genes that influenced translation after treatment with etoposide
(5 mM) for 3 hours measured by puromycin incorporation (2 mg/ml) for
10 min and flow cytometry are presented as a fishtail plot. Genes are plotted
according to their mutational index (MI) (y axis) and the total number of
gene-trap insertions (x axis), with positive and negative regulators shown in
blue and orange, respectively. Genes that were significant outliers in the
untreated screen (fig. S7A) are displayed at 50% opacity. (C) Global translation

and eIF2a phosphorylation were visualized by immunoblot analysis in parental
HAP1 cells and two independent GCN2-deficient (left) and SLFN11-deficient
(right) clones treated with etoposide (5 mM) for 3 hours, followed by puromycin
incorporation (2 mg/ml) for 10 min. (D) Global translation was measured by flow
cytometry in parental HAP1 and SLFN11-deficient cells treated with etoposide
(5 mM) for 4 hours, NCS (500 ng/ml) for 4 hours, CPT (1 mM) for 4 hours, HU
(2 mM) for 16 hours, or cisplatin (2.5 mM) for 16 hours, followed by puromycin
incorporation (2 mg/ml) for 10 min. (E and F) Diricore analysis bar plots depicting
differential codon occupation (at position –15 of the RPFs) in etoposide-treated
versus untreated GCN2-deficient (left) and SLFN11-deficient (right) HAP1 cells.
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responds to amino acid starvation or ribosomal
perturbations, but not to DNA damage, as part
of the integrated stress response (ISR) with
general control nonderepressible 1 (GCN1) as a
coactivator (16, 23–26), which was also de-
tected in the screen (Fig. 2B). SLFN11 encodes
a tRNAse that has been implicated in viral re-
striction and DNA damage sensitivity (27–30)
and is frequently inactivated in tumor cells by
promoter methylation (31–36). The effects of
SLFN11 on sensitivity to DNA damage have
been explained by its ability to stall stressed
replication forks or to reduce the abundance of
ataxia telangiectasia and Rad3-related (ATR)
kinase (28, 29). SLFN11 was the most highly
expressed member of the SLFN family pro-
teins in HAP1 cells (fig. S7C) (22) and the only
SLFN gene that was detected in the genetic
screen (fig. S7D). In HAP1 cells, SLFN11 defi-
ciency did not affect the abundance or activity

of ATR or ataxia telangiectasia mutated pro-
tein (ATM) kinase in response toDNAdamage
(fig. S8, A to C).We usedHAP1 cells deficient for
either SLFN11 or GCN2 to confirm that these
factors had a role in the inhibition of translation
in response to etoposide (Fig. 2C). SLFN11-null
cellswerealso exposed to severalDNA-damaging
agents, and deficiency of SLFN11 impaired the
inhibition of translation in all cases (Fig. 2D).
DNA damage also induced eIF2a phosphoryl-
ation, whichwas absent inGCN2- and SLFN11-
deficient cells, indicating that SLFN11 functions
upstream of GCN2 (Fig. 2C).
Ribosomal footprinting of SLFN11- andGCN2-

null cells showed that whereas GCN2 defi-
ciency did not affect etoposide-induced UUA
stalling, this response and tRNAUUA down-
regulation was absent in cells lacking SLFN11
(Fig. 2, E and F, and fig. S9A). Because SLFN11
cleaves certain class II tRNAs, including

tRNAUUA (28, 37), and SLFN11-induced tRNA
cleavage was observed in cells exposed to DNA
damage (28), we tested whether its tRNA
endoribonuclease activity was required. Con-
ditional expression of wild-type, but not an
E209A SLFN11 mutant that is unable to cleave
tRNAs (37), reduced the abundance of tRNAUUA

and elicited a global decrease in translation in
HAP1 cells deficient for endogenous SLFN11
(fig. S9, B to D). Expression of wild-type but
not E209A mutant SLFN11 in 293T cells, which
normally do not express SLFN11 (fig. S9E) (27),
allowed the DNA damage–induced inhibition
of translation (fig. S9, E and F).Whereas SLFN11
cleaves multiple class II tRNAs (28), stalling
occurred on the rarely used leucine codon
UUA. Compared with other leucine codons,
UUA appears most sensitive to perturbation
because this is also the codon at which trans-
lation stalls upon leucine deprivation (38). That
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Fig. 3. DNA damage activates p53-independent apoptosis through SLFN11.
(A) Haploid genetic screen for the induction of apoptosis induction after
treatment with etoposide (5 mM) for 4 hours as measured by cleavage of
caspase-3. Genes are plotted according to their MI (y axis) and the total number
of gene-trap insertions (x axis), with positive and negative regulators shown in
blue and orange, respectively. (B) Global translation (x axis) and caspase-3

cleavage (y axis) were measured by flow cytometry in parental HAP1, GCN2-
deficient, and SLFN11-deficient cells treated with etoposide (5 mM) for 4 hours,
followed by puromycin incorporation (2 mg/ml) for 10 min. (C) Live-cell imaging
was performed by the Incucyte ZOOM to measure the induction of apoptosis
through Annexin V staining. Wild-type and SLFN11-deficient cells were exposed to
etoposide, and images were taken every 4 hours for 24 hours.
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immunoblot analysis. (B and C) Haploid genetic screens for JNK phosphorylation
after 3 hours of etoposide (5 mM) treatment (B) or 1 hour of anisomycin (5 mg/ml)
treatment (C). Genes are plotted according to their MI (y axis) and the total
number of gene-trap insertions (x axis), with positive and negative regulators
shown in blue and orange, respectively. (D) Difference in MI (log2) between the
p-JNK screen treated with etoposide versus anisomycin for every gene with at
least 30 insertions in both screens. (E) Phosphorylation of ZAKa determined by
Phos-tag gel electrophoresis followed by immunoblot analysis. Cells were treated
with etoposide (10 mM) in the presence of Z-VAD-FMK (100 mM) for 8 hours

before cell lysis. (F) Translation was measured by flow cytometry in parental
HAP1, SLFN11-null, and ZAKa-null cells treated with etoposide (5 mM) for 4 hours.
(G) Parental HAP1, SLFN11-null, and ZAKa-null cells were treated with etoposide
(5 mM) for 4 hours or anisomycin (5 mg/ml) for 1.5 hours, followed by puromycin
incorporation (2 mg/ml) for 10 min and subjected to immunoblot analysis.
(H) Quantification of four independent flow cytometry experiments measuring
the proportion of cells containing cleaved caspase-3 in parental HAP1, SLFN11-
null, and ZAKa-null cells treated with etoposide (5 mM) for 4 hours. P values
were calculated using a two-tailed t test, **P < 0.005. Data are shown as
mean ± SD. (I) Schematic depiction that illustrates how ribosome stalling by
SLFN11 (upon DNA damage) or anisomycin leads to activation of the ISR and RSR
by GCN2 and ZAKa, respectively.
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Fig. 5. DNA damage induces tRNAUUA degradation, inhibition of translation,
and ribosomal UUA stalling in patient-derived tumor organoids and primary
human T cells. (A) Bright-field images taken of colon cancer organoids from p19bT
either untreated or treated with etoposide (33 mM) for 18 hours followed by
puromycin (10 mg/ml) for 10 min. The colon cancer organoids were subjected to

immunostaining for gH2AX, puromycin, and 4′,6-diamidino-2-phenylindole (DAPI).
Scale bar, 10 mM. (B) Colon cancer organoids p6T, p19bT, and p26T were treated
with etoposide (33 mM) for 18 hours (p6T and p19bT) or 24 hours (p26T), exposed
to puromycin (10 mg/ml) for 10 min, and subjected to immunoblot analysis.
(C) Real-time qPCR analysis of tRNA-UAA 3-1 normalized to U6 snRNA in the

RESEARCH | RESEARCH ARTICLE

Boon et al., Science 384, 785–792 (2024) 17 May 2024 6 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on O
ctober 18, 2024



UUAis an important codon for Schlafenproteins
to induce ribosome stalling is further supported
by the notion that SLFN12 also selectively de-
pletes the corresponding tRNAUUA (39). Thus,
in response to DNA damage, SLFN11 induces
ribosomal UUA stalling and triggers a global
inhibition of translation that requires GCN2.

SLFN11 mediates p53-independent apoptosis

To explore how the global translation inhibi-
tion and ribosomal UUA stalling might be
connected, we designed an unbiased genetic
screen to identify genes required for the
induction of apoptosis by etoposide. We ex-
posed gene-trapped HAP1 cells to etoposide
and used cleaved caspase-3 staining as a pheno-
typic readout (Fig. 3A and table S3). This screen
highlighted genes encompassing the mitochon-
drial death pathway [BAK1 (BCL2 antagonist/
killer 1), cytochrome c, holocytochrome c syn-
thase, APAF1 (apoptotic peptidase activating
factor 1), and caspase-9] and theMAP-kinase
signaling pathway [JNK1 (c-Jun N-terminal
kinase 1), MAP2K7 (mitogen-activated protein
kinase kinase 7), MAP2K4 (mitogen-activated
protein kinase kinase 4), and ZAK (mitogen-
activated protein kinase kinase kinase 20)], as
well as SLFN11 as factors needed for caspase-3
activation. TP53was not detected, and neither
GCN1 nor GCN2 scored strongly. When global
translation and caspase-3 activation were mea-
sured in single cells, it was evident that GCN2
was not required for activation of caspase-3. In
contrast to wild-type cells,GCN2-null cells that
did not show a prominent inhibition of trans-
lation still underwent apoptosis (Fig. 3B).
Although GCN2 loss attenuated the global
translation inhibition, a decrease in transla-
tion was still observed in these cells, which
was most evident in cells treated with caspase
inhibitors (fig. S10A). Loss of SLFN11 abolished
both the global translation inhibition and the
activation of apoptosis by etoposide but not by
interferon-g, a nongenotoxic agent that also
causes translation inhibitionandcaspase-3 cleav-
age (Fig. 3B and fig. S11, A to C). Furthermore,
SLFN11 was critical for the efficient activation of
cell death in response to variousDNA-damaging
agents (Fig. 3C and fig. S10, B to F). Ultraviolet
(UV) radiation leads to ribosome stalling and the
activation of apoptosis inHeLa cells that do not
express SLFN11,whichoccurs throughUV-induced
RNAdamage (40). Inagreementwith this,SLFN11-
deficientHAP1 cells showed inhibited translation
and apoptosis in response to UV, albeit to a re-

duced extent compared with SLFN11-proficient
cells (fig. S12A). Inhibition of neither ATR nor
ATM affected etoposide-induced apoptosis after
4 hours (fig. S13, A and B); however, as ob-
served previously, SLFN11-deficient cells were
sensitized to DNA damage upon ATR inhibition
after 24 hours, which was accompanied by
SLFN11- and p53-independent apoptosis (fig.
S13, C and D) (28, 41, 42). Thus, SLFN11-induced
UUA stalling, but not GCN2-dependent global
inhibition of translation, is critically required for
the efficient induction of apoptosis in response
to DNA damage.
To further investigate the interplay between

the various molecular functions of SLFN11, we
endogenously mutated codon E209A in SLFN11
in HAP1 cells (fig. S14, A and B). When we exam-
ined global inhibition of translation, apoptosis,
and cell viability, the E209A SLFN11 mutant
HAP1 cells phenocopied SLFN11 deficiency (fig.
S14, C and D). To ensure that this was not a
clonal effect in the edited cell line, this was
verified using a polyclonal pool of SLFN11-
deficient HAP1 cells engineered to express
wild-type or E209A SLFN11 in an inducible
manner, and only wild-type SLFN11 caused the
phenotype (fig. S14, E and F). The observed role
of SLFN11 in supressing DNA replication dur-
ing DNA damage was fully retained in the
E209A mutant lacking nuclease activity (fig.
S15, A and B) (43), suggesting that tRNA cleav-
age, but not inhibition of replication, is critical
for the induction of apoptosis in this context.
We further examined how SLFN11 responds to
DNAdamage.Whereasmutation of the single-
stranded DNA–binding domain of SLFN11 does
not influence its enzymatic activity in vitro
(37), it does attenuate SLFN11 recruitment to
sites of DNA damage in cells (44) and abolishes
the inhibition of translation and induction of
apoptosis in response to DNA damage (fig. S16,
A and B).

DNA damage–induced ribotoxic stress
signaling activates apoptosis

In addition to mitochondrial cell death path-
way components and SLFN11, several MAPK
pathway members were also identified in the
etoposide-induced caspase activation screen.
To study their role, we first examined the acti-
vation ofmainMAP kinases extracellular signal-
regulated kinase (ERK1/2), p38, and JNK by
immunoblot analysis (Fig. 4A). The activation
of JNK, a direct activator of the mitochondrial
deathpathway that scored in the caspase screen,

was fully dependent on SLFN11, whereas activa-
tion of ERK and p38 was not. To examine the
signaling toward JNK in more detail, we de-
signed two complementary genetic JNK acti-
vation screens in response to either etoposide
or the translation inhibitor anisomycin (40), a
compound that activates JNK through drug-
induced ribosomal stalling (Fig. 4, B and C,
and tables S4 and S5). Comparative analysis
of these screens indicated that onlyDNAdamage–
induced JNK activation required SLFN11 (Fig.
4D). Etoposide and anisomycin required the
same MAPK pathway members to activate
JNK phosphorylation. Analysis of the muta-
tions that were enriched in the “low-JNK” or
“low-caspase” populations indicated that spe-
cifically the a-isoform of ZAK (ZAKa) was
required for this phenotype (fig. S17A). ZAKa
senses ribotoxic stress resulting in activation
and autophosphorylation (40, 45). A similar
activation of ZAKawas observed in response
to etoposide, which was dependent on SLFN11
(Fig. 4E). Consistent with earlier observations
(40), eIF2a phosphorylation upon anisomy-
cin-induced ribotoxic stress requires ZAKa. By
contrast, in response to DNA damage, the
eIF2a phosphorylation and global inhibition
of translation required SLFN11 but not ZAKa
(Fig. 4, F andG). In response to either treatment
ZAKa was necessary for the downstream sig-
naling toward its substrate, MAP2K4, leading
to subsequent activation of JNK and caspase-3
(Fig. 4, G and H, and fig. S17B). Finally, SLFN11
deficiency abrogated the translation inhibi-
tion and downstream MAPK signaling in re-
sponse to DNAdamage; nonetheless, these cells
remained proficient in inducing an apoptotic
response to ribotoxic stress triggered by aniso-
mycin (Fig. 4G). A similar role for SLFN11 was
observed in inducing eIF2a phosphorylation
and theMAPKsignaling cascade upon exposure
to cisplatin (fig. S17C). Collectively, these results
demonstrate that SLFN11 triggers ribosome
stalling in response to DNA damage, leading
to the activation of GCN2 and ZAKa and there-
by resulting in a global inhibition of transla-
tion and the induction of apoptosis, respectively
(Fig. 4I).

Discussion

Whereas translational stalling can be caused by
errors, toxins, or the shortage of amino acids,
this work highlights DNA damage–induced
ribosomal UUA stalling as a signaling event
that can lead to apoptosis. The DNA damage

organoids p6T, p19bT, and p26T treated with etoposide (33 mM) for 18 hours
(p6T and p19bT) or 24 hours (p26T). (D to F) Diricore analysis bar plot depicting
differential codon occupation (at position –15 of the RPFs) in etoposide-treated
(33 mM) versus untreated tumor organoids p6T (18-hour treatment), p19bT
(18-hour treatment), and p26T (24-hour treatment). (G) Number of healthy
primary human T cells positive for CD3 and subsequently CD4 (x axis) and CD8

(y axis) as measured by flow cytometry. (H) Human T cells and HAP1 cells were
treated with etoposide (10 mM) for 12 hours (T cells) or etoposide (5 mM)
for 4 hours (HAP1), followed by puromycin incorporation (2mg/ml) for 10 min,
and subsequently subjected to immunoblot analysis. (I) Diricore analysis bar plot
depicting differential codon occupation (at position –15 of the RPFs) in
etoposide–treated (10 mM for 12 hours) versus untreated human T cells.
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response described herewas not only observed
in cancer cell lines of diverse origin (PC3 and
A549; figs. S18 and S19, A to I), but also oc-
curred in different patient-derived organoids
obtained from human colorectal cancer (Fig.
5, A to F; fig. S20, A to I; and table S6) (46). The
detection of DNA damage–induced ribosomal
UUA stalling in healthy primary human T cells
raises the possibility that this may contribute
to the unwanted side effects of genotoxic cancer
therapies (Fig. 5, G to I, and figs. S20I and S21, A
and B). The evolution of SLFN11 as a viral re-
striction factor, which requires its tRNAse ac-
tivity to limit translation, may have endowed
cells with a pathway that responds to wide-
spread DNA damage (27). Whereas SLFN11 has
a dual role in viral restriction and DNA damage,
SLFN12, which does not react to DNA damage,
induces similar ribosomal stalling in response
to velcrin, an exogenous synthetic SLFN12 ac-
tivatorwith antitumorigenic activity (39, 47, 48).
The dual role for SLFN11 in viral immunity
and cellular genotoxic stress signaling may
resemble that of cGAS-STING, which induces
an inflammatory state by sensing aberrant
DNA derived from either pathogens or from
endogenous nucleic acids exposed as a result
of copious DNA damage (49, 50). SLFN11 is
frequently inactivated by promoter methyla-
tion in tumors and thus represents a pathway
that, like the p53 pathway, is often defective in
cultured cancer cell lines. This may explain
why the response elucidated here was not de-
scribed previously. The recognition of SLFN11
as the strongest biomarker for chemotherapy
responsiveness (31, 33–36) suggests relevance
for ribosomal stalling in the effectiveness of
cancer therapy.
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